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An Interpretation of Cosmic-Ray Phenomena 


By Tuomas H. JoHNsON 
Bartol Research Foundation of the Franklin Institute 


(Received July 9, 1932) 


Schindler's data on the transition effects of the cosmic rays have been interpreted 
on the assumption that the equilibrium between the primary radiation and its second- 
ary corpuscular rays is different in different media. The ionization behind any thick- 
ness of absorbing materials, assumed to be proportional to the flux of secondaries, is 
calculated in terms of the absorption coefficients, v(m), of the primary radiation and 
the production and absorption coefficients, 8(m) and u(m, m), respectively, of the 
secondary rays, these coefficients being characteristics of the media. A comparison 
with the data permits a determination of each of the absorption coefficients as well as 
the product of each of the production coefficients by the number of primary rays. The 
results are as follows, expressed in cm™ lead equivalent: »(Pb) =0.0064; »(Fe) =0.009; 
u(Pb, air), the absorption coefficient in lead for secondaries produced in air =0.50; 
u(Pb, Pb) =0.98; u(Fe, air) =0.30; u(Fe, Fe) =0.45; u(Pb, Fe) =0.72; u(Fe, Pb) = 
0.48; 3(Pb)/8(Fe) =2.0. This determination of the absorption coefficients of the 
primary and secondary radiations allows the following estimates to be made. (a) The 
lower limit of the average energy of the secondary radiation is about 30 million volts. 
(b) The average number of secondaries per primary is about 100 in iron and 230 in 
lead. (c) The energy of a primary cosmic ray, equal to the sum of the energies of its 
secondaries, is about 2 X10!" volts. 


NTIL 1929 our only knowledge of the cosmic radiation had been derived 

from measurements of the ionization in closed vessels at high altitudes 
and under various thicknesses of absorbing material. Although measurements 
of this type have yielded values of the absorption coefficient they have re- 
vealed little concerning the nature of this radiation or the mechanism by 
which the ionization is produced. The principal evidence on this point has 
resulted from experiments with counters and with the Wilson cloud chamber. 
Skobelzyn! first observed the tracks of high energy corpuscular rays which 
were believed to be associated with the cosmic radiation and Mott-Smith 
and Locher’ have identified these tracks with the ionizing rays which produce 
the coincident discharges of Geiger-Mueller counters. From the coincidence 
counting rate of these counters several investigators have determined the 
rate of influx of these rays through our atmosphere and if a reasonable al- 
lowance is made for the probability of more than one ray passing through the 


! Skobelzyn, Zeits. f. Physik 54, 686 (1929); C. R. 189, 55 (1929); 194, 118 (1932). 
2 Mott-Smith and Locher, Phys. Rev. 38, 1399 (1931). 
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counters simultaneously! *® these results, in conjunction with the number of 
ion pairs per centimeter of path as determined from the density of droplets 
in the cloud chamber.) * give a rate of ionization in reasonable agreement with 
that attributed to the cosmic radiation. These corpuscular rays, however, 
must be regarded as a secondary effect of the primary radiation, as Skobel- 
zyn,' Locher,’ and Millikan and Anderson have pointed out, for the experi- 
ments with the cloud chamber not only show that, in many instances, the 
rays originate within the material walls of the cloud chamber, but also the 
energy of these rays is low enough to rule out the possibility of an absorption 
coefficient comparable with that determined from the electroscope measure- 
ments. Moreover, the large number of tracks with positive curvature on An- 
derson’s photographs, show that the secondaries are largely of nuclear origin. 
As Millikan and Anderson have pointed out, this fact is of the greatest in- 
terest because of its invalidation of the use of the WKlein-Nishina formula 
for deriving the energies of the primary rays from absorption measurements 
even if it can be shown that the primary rays are of the gamma type, for this 
formula is based upon the assumption of a primary gamma-ray interacting 
with the extranuclear electrons alone. Although the formula itself must 
be in error in omitting nuclear absorption there is still the possibility that the 
underlying ideas are right, i.e., a material substance may be correctly repre- 
sented as a cloud of free electrons and protons, if the nuclear constituents are 
included along with the extranuclear electrons. On the other hand the rate of 
absorption of the primary rays ,as well as the energies of the secondaries, may 
depend in a characteristic way upon the structure of the nucleus of the ab- 
sorbing material. 

Some recent ionization measurements made by Schindler’ seem to reveal 
the first definite information on this subject. In brief, his experiments con- 
sisted of a series of measurements of the ionization in a thin-walled vessel 
placed behind absorbing screens of various materials and of various thick- 
nesses. The curves obtained in the region of an interface between two different 
media of different nuclear tvpe at once suggest a phenomenon analogous to 
the readjustment of the equilibrium between a beam of gamma-rays and its 
secondary beta-rays.® In fact, his data may be very simply and accurately 
interpreted on this basis. To put the matter more exactly the following postu- 
lates are required. (1) The rate of production of secondaries in any medium #1 
is proportional to the intensity of the primary radiation, the production 
coefficient B(m) being a characteristic of m. (2) The rate of absorption of the 
primary rays in m is proportional to their intensity, the absorption coetticient 
v(m) likewise being a characteristic of #7. (3) The rate of absorption in a me- 
dium m of secondaries produced in a medium » is proportional to their num- 


% (4. L. Locher, Phys. Rev. 39, 883 (1932). 

4 Millikan and Anderson, Phys. Rev. 40, 325 (1932). 

* H. Schindler, Zeits. f. Physik 72, 625 (1931); see also T. H. Johnson, Phys. Rev. 40, 468 
(1931). B. Rossi has obtained similar results with counters and has made a qualitative inter 
pretation somewhat similar to that presented here, Rend. Lincei, XV, 734 (1932). 
*K. W. F. Kohlrausch, Radioaktivitit, page 139 et seg. 
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ber, the absorption coethcient wim, 7) being a characteristic of 7 as well as of 
m. (4) Tonization is produced by the secondaries alone.’ In accordance with 
these assumptions the change in the flux g, of the secondaries produced in 7 
while passing through the element dx of m is 


dg, = — mlm, n)qndx (1) 
and the corresponding change in the flux ¢,, of secondaries produced in m is 
dgm = B(m) New"? — w(m, m)gndx (2) 


where V is the number of primary rays per square centimeter per second 
across the interface between media 7 and m. Integrals of these equations sub- 
ject to the conditions at the interface, x =0, that g,,=0, and g, =q,, are 


qn = qugl Him ns 9) 


II 


gm = B(m)N [emer s — eww im mz] [u(m, m) — v(m)). (4) 


If J is the average number of ions per centimeter of path produced by a 
secondary ray in the ionization chamber, the rate of production of ions per cc 
in the case of the one dimensional problem considered here, is 


J = (gr + Qndl. (3) 


In Schindler's experiments only the ions produced by the rays included in a 
cone of half angle 30° about the vertical were measured and hence the one 
dimensional case may be considered a fairly good approximation. In fact Eq. 
(5) represents the experimental data quite accurately if a suitable determina- 
tion of the constants is made. 

In the case of the transitions from air to lead and air to iron, respectively 
the first step in fitting Eq. (5) to the experimental data was the determina- 
tion of v(m). For this determination the last two points, corresponding to the 
greatest thicknesses of the absorbing material, were used and it was assumed 
that both of the u's were large enough to make all but the term containing 
e-*©™= completely negligible at these thicknesses. The fact that u's satisfying 
this condition could then be determined to bring about good agreement be- 
tween (5) and the data, justified this procedure although it would have been 
more satisfactory if more extensive data were available at the tail of the 
curve. These last two points also determine the multiplier 8(m).N/[u(m, m) 
—v(m)], and q,, is determined from the ionization with no absorbing screen 
(v=0). It remains therefore to determine two exponentials with known multi- 
plying coefficients, the difference between which agrees with the residual of 
the data after the term in e~*(”* has been subtracted. The choice of wm, 1) 
and u(m, m) is therefore very definite and a variation in one of these of the 
order of ten percent, from the values stated, though the other be adjusted 
accordingly for the best fit, is sufficient to throw the equation into serious dis- 
agreement with the data. 


* Without seriously altering the results it is possible to assume that the primaries produce 


10ns per se, but as this assumption is not required for an explanation of Schindler's results, for 
simplicity it is not included. 
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The agreement between the observed and calculated values of the ioniza- 
tion in the case of the air to lead, and air to iron transitions is shown in Tables 
I and II, the constants having the following values: go(air)/ =0.461 ion pairs 
per ce per sec.; B(Pb)NJ, [u(Pb, Pb) —»(Pb) | =0.298 ion pairs per ce per 
sec.; 8(Fe) NJ, [u(Fe, Fe) —»(Fe) | =0.0322 ion pairs per ce per sec.; v(Pb) 
=(0.0014 cm?’ g electron =0.0064 cm! Pb; v( Fe) =0.002 cm*/g electron 
=().009 cm! Pb; u(Pb, air) =0.11 cm? g electron =0.50 cm~! Pb; u(Fe, air) 
=(0.066 cm? /g electron =0.30 em! Pb; u(Pb, Pb) =0.218 cm?*/g electron 
=().98 cm™! Pb; u(Fe, Fe) =0.099 cm? g electron = 0.45 cm Pb. 

The absorption coefficients are expressed both in terms of the units used 
by Schindler in which unity corresponds to 6.06-10*8 extranuclear electrons 
per sq. cm (this unit may be conveniently named a gram electron per cm’) 
and in cm“ lead equivalent. The multiplying constants as determined from 
the data have been reduced to the number of ions which would be produced 
under normal atmospheric conditions in one cubic centimeter by the radiation 
included within the 30° cone of Schindler's experiments. 

















TABLE I. Arr to lead transition. TABLE II. Avr to tron transition. 
x Ratio x Ratio 
g electrons Ob- Calcu- observed g electrons Ob- Calcu- observed 
- ) served lated to ( - ) served lated to 
cm? calculated cm? calculated 
0 0.461 0.461 1.000 0 0.461 0.461 1.000 
2.3 .468 471 0.995 3.5 .464 .462 1.005 
4.1 465 .468 0.993 7.0 .454 .453 1.001 
9.0 .427 424 1.005 14 .421 .422 0.998 
13.1 .384 . 384 1.000 21 .392 .392 1.000 
18.0 .349 .349 1.000 35 .354 345 1.000 
27.0 .313 .310 1.010 70 295 .302 0.976 
45.0 .287 .284 1.010 105 .269 .269 1.000 
90.0 .262 .262 1.000 — = 
135.0 1.000 


.246 . 246 
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In addition to these principal transitions Schindler also gives data for 
secondary transitions from lead to iron and from iron to lead, in each case 
starting from various thicknesses of the former substance. In calculating 
these transitions all but two of the necessary constants have already been 
determined from the data of the principal transitions, the remaining unknown 
constants being the absorption coefficients in the second medium of secondar- 
ies produced in the first, i.e., u(Fe, Pb) and u(Pb, Fe). 

In calculating the ionization after a variable thickness x of the second 
substance m and a fixed thickness x» of the first substance m it is necessary 
to take account of the remaining air secondaries which have penetrated 1, as 
well as the corresponding change in the intensity of the primary rays. The 
equation for the ionization as a function of x in m is therefore 


J = q, (air) IT exp [— u(n, air)xo + u(m, air)x] 
+ B(n) NI [e-v(m)20 eo emHin no | eum ,n)zx / [ (12,2) — v(n)| (6) 
aa B(m) NI en? (™) 20 [e—vmz — enum, mz / [u(m, m) ane v(m) | 
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in which yw(m, n) is the only constant remaining to be determined from the 
secondary transition data. After subtracting all of the terms except that con- 
taining u(m, n) from the experimental data of the first secondary transition 
the residuals were very close to pure exponentials with the absorption coeffi- 
cients u(Pb, Fe) =0.159 cm?/g electron=0.751 cm~! Pb and u(Fe, Pb) 
=(0.107 cm?’/g electron=0.48 cm! Pb. The constants thus determined 
could then be used in calculating the remaining secondary transitions, and 
the agreement in each case with the experimental data served as an additional 
check on the values of the constants. The results are shown in Tables III 


and IV. 


TABLE III. Jron to lead transitions. 


























Thickness Thickness Ratio 
of iron of lead Observed Calculated observed to 
gelectron cm? g electron cm? calculated 
38 0 0.347 0.347 1.000 
33 0.349 0.351 0.995 
4.1 0.345 0.346 0.997 
18 0.295 0.382 1.048 
45 0.267 0.259 1.030 
77 0 0.292 0.292 1.000 
3.2 0.286 0.304 0.940 
13.5 0.261 0.272 0.960 
TABLE IV. Lead to tron transitions. 
Ratio 
Thickness Thickness Observed Calculated observed to 
of lead of iron calculated 
18 0 0.349 0.349 1.000 
3.5 .347 341 1.018 
7.0 .336 .332 1.012 
14 .318 .321 0.991 
28 . 306 .310 0.987 
42 .299 .296 1.010 
105 .265 .262 1.012 
52 0 .281 .281 1.000 
14 .286 .286 1.000 
35 .279 .284 0.982 
70 .263 .268 0.980 
126 0 .250 .250 1.000 
7 .254 .253 1.004 
14 .249 .258 0.965 
35 245 .257 0.953 








Schindler also gives some measurements of the absorption in aluminum 
and a few other substances but none of these sets of data are sufficiently ex- 
tensive to make a determination of the constants with a reliability compara- 
ble with that of the foregoing data. 

Table V contains the absorption coefficients u(m, n) of the secondaries 
produced in medium 2 and absorbed in medium m and the media are arranged 
in the order of their atomic weights. This arrangement suggests the following 
laws: I. Secondaries produced by the cosmic rays in substances of lower 
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atomic weight are the more penetrating. IIT. The absorption coetticients per 
gram electron of the secondary cosmic rays are greater in substances of greater 
atomic weight. To these laws may be added two others which are suggested 
by the values of the other constants. IIT. The absorption coethcients per gram 
electron of the primary radiation are greater in substances of lower atomic 
weight. IV. The production coetticients per gram electron of the secondary 
radiation are greater in substances of greater atomic weight. 


TABLE V. The absorption coefficient per gram electron in medium m 
for secondaries produced in mediunt n, 


n 
nt air iron lead 
iron 0 O60 0.099 0.107 
lead 0.11 0.159 0.218 


The multiplying constants of Eq. (5) have the following signiticance. 
gx f isthe number of ion pairs formed per ce per sec. by secondaries in equilib- 
rium in medium » with the primaries of ground level intensity which are 
included within the 30° cone, and 8(m)NIJ. |won, m)—v(r)| is the corre- 
sponding number of ion pairs in equilibrium with primaries of the same inten- 
sity in medium m. If we define j”(8)* by the equation 


24,2 


B(m) NT. |u(m, m) — v(m)| = 2 f J” (0) sin Ad (7) 
0 
and use the distribution funetion found by Medicus® for the secondary rays 
i.€., 
"(9 = 7"(OVUL + 4 cos? @). 5 
then 


70) = 1.480n) NT |aOn, m) — v(n)). 
The values for j (0) are as follows 

J"(0O) = 0.64 ion pairs per sec. per ce 

jFe0) = 0.46“ “ “« &  & & 

poo) =0.41% “ «© & 4 a, 


THe ENERGIES OF THE SECONDARIES 


Although it is impossible to make any strict correlation between the ab- 
sorption coefficient of the secondary radiation and the energies of the corpus- 
cular rays one may speculate as to the order of magnitude of one of these 


» Je(@) is the number of ion pairs produced per ce per sec. at atmospheric pressure by sec- 
ondaries in equilibrium with primaries of ground level intensity in medium » and reduced to 
unit solid angle in the direction @ with the vertical. 

® (4. Medicus, Zeits. f. Physik 74, 350 (1932). 
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quantities from a knowledge of the other. For example, one may postulate 
that the average range is equal to the reciprocal of the absorption coefficient 
and that ions requiring about fifty volts per pair are formed at a rate indi- 
cated by the density of droplets in the expansion chamber, i.e., about thirty- 
six pairs per cm in atmospheric air.!* This correlation neglects the possibility 
of large angle scattering of the secondary rays by nuclear collisions and it 
assumes that the secondaries are confined to a single direction. Hence the 
energies calculated in this way must be regarded as a lower limit, although 
perhaps not far from the right order of magnitude. Making this correlation 
on the basis of the absorption coefficient in lead, it is found that the air second- 
aries have an average energy of 30 million electron volts, that is, about one 
third of the most probable of the energies measured by Anderson. This agree- 
ment is perhaps as good as would have been expected from the crudity of the 
assumptions. 
THe DENSITY OF THE SECONDARIES 


The large values of the absorption coefficients of the corpuscular rays 
derived from Schindler’s data at once given an explanation for the fact 
discovered by Bothe and Kolhorster!’ and by Rossi'! that the interposition 
of absorbing material between two counters diminishes the coincidence count- 
ing rate in approximate agreement with the absorption coefficient of the pri- 
mary radiation. An explanation first suggested by Bothe and Kolhorster'’ 
but rejected by them at that time as being unlikely, is that a single primary 
ray produces a large number of secondary rays distributed along its path so 
that coincident discharges of two counters separated by more than a few 
centimeters of lead, are caused, not by the same secondary, but by different 
secondaries initiated by the same primary ray. Without the absorbing ma- 
terial a single secondary ray having the proper direction will pass through 
both counters and, therefore, under this condition the counting rate is a 
measure of the intensity of the primary radiation .V multiplied by the prob- 
ability P of a primary ray being accompanied by one or more secondaries 
at any point along its path. With the absorbing material the counting rate 
is a measure of the number Ne~ 
terial multiplied by P*. 


‘* of primary rays which penetrate the ma- 


The ratio of counting rates with and without absorbing material is there- 
fore, Pe "*. Since this ratio is found, in the experiments cited, to be of the 
order of eit follows that P is of the order of unity. In other words, a primary 
ray is almost always accompanied by at least One of its secondaries and the 
coincidence counting rate is approximately a measure of the intensity of the 
primary radiation. 

The average number of secondaries in equilibrium with one primary ray 
may be estimated from a comparison of the coincidence counting rate of two 
counters and the rate of production of ions in a closed vessel. The approxi- 
mate flux of the primary radiation V, taking the results of the counter experi- 


1° Bothe and Kolhorster, Zeits. f. Physik 56, 751 (1929). 
" B. Rossi, Zeits. f. Physik 68, 64 (1931). 
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ments of Street and Johnson,” is 0.0073 per sq. cm per sec. in unit solid angle 
in the vertical direction. The flux g: of secondaries, on the other hand, may 
be estimated from the ionization data of Schindler. From the relation j”(0) 
=J/q., using the value /=36 obtained from the density of droplets in the 
cloud chamber, we have g.*'"=0.018; gi! =0.013; gi?*=0.011. Comparing 
these values with the value 0.0073 for Ni we have g.i*'t/ Ni =2.5; qife/ M1 


=1.8;9.°5/Ni =1,5. 


Tue AVERAGE ENERGY OF THE PRIMARY RAyYs 


It is now possible to estimate the energy of a primary ray as the sum of the 
energies of the secondaries produced by a single primary. Since the seconda- 
ries are produced largely from the atomic nuclei there is the a priori possibility 
that much of the secondary energy is energy of nuclear disintegration. This 
possibility must be rejected however because of the extremely high energies 
found by Anderson and because of the angular distribution of the secondaries. 
The conclusion is that the energy of the secondary is acquired at the expense 
of the primary ray. The total number of secondaries produced by a single 
primary of ground level energy is then approximately equal to u(m, m) 
gi™/v(m)N. which has the values: in lead, 0.218 X 1.5 0.0014 = 233; in iron, 
0.099 X 1.8/0.002 =90. With the value for iron, this being similar to the 
material of the cloud chamber and the average energy of a secondary ray 
as found by Anderson, i.e., 2.5 10° electron volts, the average energy of a 
primary ray, equal to the sum of the energies of its secondaries, is 2.2 X 101° 
electron volts. Since these rays have already passed through the atmosphere 
and have dissipated energy by a continuous production of secondaries along 
their path, it is necessary to suppose the energies of these primary rays are 
originally greater than this figure by about a factor of two. 

In conclusion it is a pleasure to acknowledge conversations with Dr. J. C. 
Street during which many of the ideas presented here were developed. 


12 Street and Johnson, Phys. Rev. 40, 1048A (1932). 
13 These low values for the average number of secondaries per primary seem inconsistent 
with the conclusion that a primary is almost always accompanied by at least one secondary and 
it may be necessary to assume that the primary ray is itself an ionizing corpuscular ray. This 
assumption would not materially alter the interpretation of Schindler's data other than to allow 
a considerably greater latitude in the choice of absorption coefficients. 
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Design of a Double-Crystal X-Ray Vacuum Spectrometer 


By Lyman G. PARRATT 


Ryerson Physical Laboratory, University of Chicago 
(Received June 27, 1932) 


A vacuum double-crystal x-ray ionization spectrometer has been constructed 
and the design of the instrument is explained in some detail. A tank, of inside diameter 
50 cm, formed from sheets of rolled steel and welded together, rests on a thick steel bed- 
plate, the contact areas, generously wide, sealed with stop-cock grease, and the 
chamber evacuated with a megavac oil pump. This chamber is used as the fore- 
vacuum for the Hg condensation pump working on a metal x-ray tube. The slits, the 
first and second crystals, and the ionization chamber are contained within the tank. 
The axes of the two crystals are rigidly fixed with respect to each other, and, to allow 
change of wave-length, the x-ray tube, clamped to the side of the tank, is swung 
around, the tank sliding on the stop-cock grease, until the proper position is reached. 
Final alignment of the focal spot with the slits is effected while the tube is in opera- 
tion by an adjustable target made possible by a sylphon connection in the tube. A 
method is explained for obtaining thermal contact with uranium for use as the target. 
The angular controls of the crystal B and the ionization chamber are made by having 
long, concentric, tapered bearings extend through the bed-plate of the instrument, 
lubricated and held air tight with stop-cock grease, and their positons read to within one 
minute of arc with verniers on a fixed circle. Fine motion of crystal B is accomplished 
by the usual lever arm and tangent micrometer screw. The insulated lead from a rela- 
tively small ionization chamber, 6.7 cubic inches in volume, which is constructed to 
function as a two-atmosphere pressure chamber, is brought out of the tank through the 
hollow center of the central steel shaft forming the axis of crystal B. 


INTRODUCTION 


HE development of double-crystal x-ray spectrometry! has provided the 

researcher with an invaluable tool in making more precise measurements 
of x-ray diffraction. The many and wide-spread applications of the two- 
crystal instrument in investigations of contemporary importance have been 
considered sufficient justification for the design and construction of a double- 
crystal ionization spectrometer for operation in a vacuum, which would al- 
low this branch of study to be extended to include the soft x-rays of wave- 
lengths greater than two angstroms. 


Type OF INSTRUMENT 
The double-crystal spectrometer, whose assembly details are described in 


1 The double-crystal spectrometer was first used by A. H. Compton, Phys. Rev. 10, 95 
(1917). Bergen Davis and his collaborators at Columbia developed the instrument for use in 
the parallel positions, Phys. Rev. 17, 608 (1921); 27, 18 (1926); 32, 331 (1928); and the high 
resolving power of the anti-parallel positions was first exploited simultaneously and inde- 
pendently by Davis and Purks, Proc. Nat. Acad. Sci. 13, 419 (1927), and by Ehrenberg , Mark, 
and Susich, Zeits. f. Physik 42, 807, 823 (1927). The theoretical possibilities of the two-crystal 
method were very thoroughly explored by M. M. Schwarzschild, Phys. Rev. 32, 162 (1928), 
and the experimental side has been investigated by S. K. Allison, Phys. Rev. 34, 176 (1929), 
35, 1476 (1930), and by others. 
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this article, is essentially of the usual design’ permitting the (#74, +7,), or 
all combinations of the parallel and antiparallel, positions, with each of the 
two crystals capable of rotation about a vertical axis lving in its reflecting face. 
The collimating slits, the two crystals, and the ionization chamber are sup- 
ported on a circular steel bed-plate, and a metal evlindrical cap which can 
be lowered to the plate encloses them in an air-tight compartment. When 
this chamber is exhausted, soft x-ravs, which would be absorbed in air at 
atmospheric pressure, can be studied. The instrument ts designed to accom- 
modate glancing angles from 0° to 57°, which, with calcite crystals, corre- 
spond to a wave-length region of 0 to 5 angstroms. 


PRINCIPLE OF OPERATION 


A diagrammatic sketch of the spectrometer is shown in Fig. 1. The axes 
of the crystals are fixed with respect to each other, the tirst, axis 14, mounted 
at the center of the large bed-plate, and the second, axis B, mounted 12 cm 
from A. The slits rotate about axis -1 and the ionization chamber about B. 
The x-ray tube is rigidly clamped to the side of the evlindrical tank (Fig. 2) 
which is lowered by a large screw to its position on the bed-plate. 
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Fig. 1. Diagrammatic representation of the double-crystal spectrometer showing to scale 
the relative spacings of the x-ray tube, slits, first and second erystals, and the ionization 
chamber. 


Before lowering the tank, crystal 4 is set for the proper glancing angle 
by means of the worm screw 7 as a vernier adjustment to 15 seconds of are 
on the scale F. The proper position is determined by the condition that the 
reflected ray must pass directly through the axis of crystal B. The slits SS 
must then be placed in position as read on the same scale F and the tank 
lowered to the bed-plate and turned until the window II’, between the tube 


2 A double-crystal spectrometer of usual design refers to one which is based upon two 
single-crystal spectrometers placed in proper alignment. Such an instrument can be placed 
alternately in the (74,+”,) and (74,—n,) positions by rotating the second crystal, B, and the 
ionization chamber. For descriptions of two different examples of this type of instrument see 
A. H. Compton, Rev. Sci. Inst. 2, 365 (1931) and S. IX. Allison, Phys. Rev. 41, 1 (1932). 
Instruments of special design have been constructed by Du Mond and Hoyt, Phys. Rev. 36, 
1702 (1930), and by Spencer, Phys. Rev. 38, 618 (1931), having certain positive advantages 
in treating particular problems, but which are limited in operation to the (”,-\-”) positions. 
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DOUBLE CRYSTAL X-RAY SPECTROMETER 


and tank, is in line with the slits. This position has been previously allocated 
on a scale on the edge of the bed-plate and is now read by an indicator fas- 
tened to the tank. The tank is evacuated with a megavac oil pump and is 
used as the fore-vacuum for a mercury condensation pump working on the 
x-ray tube. This Hg pump is mounted on the top of the tank and thus is part 
of a rigid system. 

The tinal adjustment of the focal spot-slits alignment is effected by a 
sylphon connection in the x-ray tube itself which allows independent motion 
of the target with respect to the tube and tank. The special features of this 
tube are perhaps worthy of discussion and will be briefly treated later in this 
paper. 

Tuk TANK 

The tank itself is constructed of rolled steel? s of an inch thick. The curved 
section is shaped from a sheet bent into a cylindrical form, 50 cm inside 
diameter, and the ends carefully welded. The top piece is another sheet of 
the same material welded on to the cylinder, and a wide flange, shown in 
Fig. 1, furnishing large contact area with the bed-plate is similarly welded 
in place and turned in the lathe for a smooth surface. In the welding process 





Fig. 2. Photograph of the assembly with the tank in an elevated position. On the left 


is seen the insulated battery stand. The electrometer is located beneath the far side of the 


bed-plate. 


caution was taken to work the material well and to use an excess of rod to 
eliminate possible pin holes. The bed-plate is made of thicker steel than the 
tank to avoid undue warping. It was desired that the axes of the two crystals 
remain parallel to within one minute of are, and calculation from structural 
formulae shows this condition is fulfilled by a bed-plate one inch thick. It is 
actually made 1°, inches thick. An air-tight seal between the flange of the 
tank and the plate is made with stop-cock grease. These contact areas are 
of a generous width to allow a good seal and to supply additional strength. 
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A preliminary test for leaks was made in the following way: The tank 
was clamped to the bed-plate and the outside covered with soap solution. 
Air pressure of about 30 em of Hg above atmospheric was maintained inside 
the tank and a search made for swelling soap bubbles. One small bubble was 
found. After a generous painting with Duco brush lacquer no bubbles were 
formed. The tank now holds a vacuum of less than 6 em of Hg for about one 
week. 

Axis OF CRystaL B 

Following in general the design of Siegbahn's vacuum spectrograph,* long, 
concentric, tapered bearings, lubricated and held air tight by stop-cock grease 
are extended through the bed-plate BP as shown in Fig. 3. The erystal table 
Cis rigidly clamped to the inner steel shaft S, and the support for the ioniza- 


\ 





Fig. 3. Showing the tapered bearings S and P passing through the bed-plate BP and by 
means of which outside control of the second erystal and the ionization chamber is etfected. 
Drawn to scale. 


tion chamber, /C, is fastened to a conical shell P of phosphor-bronze, which 
in turn bears on the steel housing, //, screwed to the bed-plate. On the lower 
ends of these bearings S and P? are clamped arms carrying verniers Vand 1", 
respectively, which read the angular positions of crystal B and the ionization 
chamber to one minute of are on the graduated circle attached to the housing 
I]. Crystal B must be set, of course, with an accuracy much greater than one 
minute of arc, but this serves as a first rough adjustment. After this setting 
is made, fine motion of the crystal is effected by a micrometer screw, bearing, 
at a distance of 20.63 em from the B axis, on the lever arm L which is clamped 
to the inner steel shaft S. Fixed to the micrometer head is a large five-inch 
drum with 500 graduations, so that each division on the drum corresponds 
to an angular motion of the crystal of one second of arc, the pitch of the mi- 
crometer screw being one-half millimeter. 


3 Siegbahn, Spektroskopie der Roentgenstrahlen, Second Edition, page 114, 1931. 
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Atmospheric pressure is sufficient to keep the bearings tight and Lubriseal 
between them allows fairly free motion. However if the elements have not 
been turned for several days the Lubriseal becomes stiff and the motion is 
sluggish, and a work-out is required to loosen things up. To be sure that the 
motion as read on the drum ts accurately transmitted to the crystal, and that 
possible slight variations in the thickness of the stop-cock grease during an 
operation would not be serious, a preliminary run with Cu K, radiation was 
made and the observed separation of a; and a2 checked with that calculated 
from Siegbahn’s tables of wave-lengths. The observed values were consistent 
among themselves and also with the calculated values to within two seconds 
of arc. The rocking curves obtained in the (7,+”) and (n,—#) positions by 
rotating crystal B were also consistently regular and smooth. 

The center of the steel shaft S is drilled out, as indicated in Fig. 3, and 
through this space passes the insulated lead from the ionization chamber to 
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Fig. 4. Showing details, drawn to scale, of the mount of crystal B and the ionization 
chamber. The method of moving the crystal in and out of the x-ray beam is indicated, but the 
electromagnet is omitted for the sake of clarity. 


the electrometer which is, of course, placed outside the tank. The air-tight 
seal is made at the bottom of the shaft at Y where a flanged amber plug is 
waxed into place. The lead is unavoidably long and in consequence the ca- 
pacity of the electrical system is relatively large, being 80 cm. The electrome- 
ter is of the Compton type and operates at a voltage sensitivity of 4000 mm 
(scale divisions) per volt per meter distance between mirror and scale. 


MOUNTING OF CRYSTAL B 


Both ervstals are mounted on carefully made slides. The mount for crys- 
tal B, together with the ionization chamber, is shown in Fig. 4. The usual 
adjustments in aligning the crystal, labelled C, are made by the short microm- 
eter \/ and the screw //. Constant pressure on the ends of these screws is 
maintained by springs. In many problems it is desirable to measure the in- 
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tensity of the x-ray beam reflected from crystal A only, and this requires that 
the second crystal be removed temporarily from its usual position so that it 
will not intercept the beam. To accomplish this purpose an electromagnet, 
L in Fig. 1, is clamped on the side of the crystal mount. This electromagnet, 
controlled by a tapping key outside the tank, activates a cog wheel R (Figs. 
1 and 4) by means of a pall and ratchet arrangement (P Fig. 1). An eccentric 
wheel E (Figs. 1 and 4) is fastened to the axle of the cog wheel, and, as it ro- 
tates, one cog for each tap of the key, the eccentric presses against a roller 
bearing B (in Fig. 4) which causes the slide, carrying the crystal, to move 
back a maximum distance of some one and one-quarter inches, which is 
sufficient, for all glancing angles up to 57°, to allow the x-ray beam to pass. 
As the key is further tapped the eccentric moves around to its previous rest 
position, and the springs draw the slide after it until the motion of the slide 
is arrested by the micrometer screw, and the crystal is again in its usual rest 
position. This action is found to work very satisfactorily when a compensat- 
ing spring of proper tension is attached between the eccentric and the bearing 
B, as in Fig. 4. 

The method of alignment of the crystals and slits which was employed 
on this instrument has already been described by Allison* and by Tu.* 


IONIZATION CHAMBER 


The ionization chamber is constructed from a solid cylinder of copper 1} 
inches in diameter and 2? inches in length, drilled from one end to a depth of 
2;% inches, leaving the other end intact except for the introduction of the 
insulated electrode. The inside volume is relatively small, 6.7 cubic inches, 
but sufficient for the satisfactory absorption of the soft x-rays for which it 
is intended. The chamber is filled with one atmosphere of argon. 

Because of the atmospheric pressure inside, and zero pressure outside, the 
chamber must actually function as a pressure chamber. A tapered amber 
insulator, in its grounded guard shield and Bakelite case, is carefully waxed 
leak-tight with a mixture of beeswax and resin and the unit firmly bound in 
place by two metal straps which pass over the top of the chamber (see Figs. 
1 and 4). These straps are insulated from the chamber by strips of fiber since 
the voltage (about 70 volts) is placed on the chamber and the collecting elec- 
trode operates at earth potential, plus or minus the minute effects of the 
charges accumulated from the ionized gas. 

The window on the ionization chamber is 3 mm by 10 mm and is cut from 
a piece of wrapping cellophane obtained from cigarette packages. This is the 
same type of window as used between the x-ray tube and tank. 

The extended guard shield to which the straps are fastened, serves to 
support the ionization chamber as shown in Fig. 4. The chamber and the 
shield tube 7 must turn through an angle of 4 times 57° in the case of the 
maximum glancing angle in order to take care of both parallel and antiparallel 
positions. To allow this motion the table top supporting the crystal slide 


4 Allison, Phys. Rev. 41, 1 (1932). 
* Tu, Phys. Rev, 40, 662 (1932). 























DOUBLE CRYSTAL X-RAY SPECTROMETER 559 


must be hollowed out considerably. As the JC is turned the short tube 7” 
slides inside the top of the steel shaft S supporting the crystal. 


X-RAY TUBE 


In constructing an adjustable target in the x-ray tube many technical 
difficulties in the alignment of the spectrometer were solved. Fig. 5 presents 
a cross-sectional view of this tube. The shell is turned from a three-inch 
cylinder of brass with a bearing left at B to guide and allow the target 7 
but one degree of freedom. The sylphon S (flexible copper tubing) is soldered 
to this shell and also to the conical support of the target at the right end of 
the tube. Lubriseal makes the conical joint air tight and also allows the target 
to be easily removed for frequent cleaning, which is found necessary when 
working with soft radiation. Atmospheric pressure serves to keep a tension 
on the ball-bearings R, and, by screwing the cylindrical shell // in or out, the 
flexible sy [phon contracts or expands and the target 7 slides on bearing B 
until the center of the focal spot is in line with the slits. Since the target is at 
earth potential this adjustment can be made while the tube is in operation. 



































SCALE 


Fig. 5. Cross-sectional diagram of the x-ray tube showing the adjustable target. Drawn to scale. 





4 cm 


Due to the drag in the ball-bearings when // is turned, a torque is trans- 
mitted to the target and an undesirable stress applied to the sylphon tube. 
This is eliminated by having a pin attached to the target carriage sliding in 
a slot in the bearing B. The pin and slot are shown in the diagram. 

The filament F is easily wound by hand and is extremely simple to insert 
after loosening the screw and sliding back the focusing cup. The heavy nickel 
lead is introduced in a glass tube for mechanical support and electrical in- 
sulation and is spot-welded to tungsten to which a glass seal is made at the 
high-potential end of the tube. In order to keep the wax seals between the 
glass and metal from softening, water is circulated through the copper coils 
W soldered on the tube as indicated in the diagram. 

The window W (see Fig. 1) to be placed between the tube and tank must 
be chosen to have a low absorption for wave-lengths up to 5 angstroms. The 
pressure differential on the two sides of the window is quite small, about 
10-* mm of Hg, and the mechanical strength of the window is of little im- 
portance unless it be desired to maintain a vacuum in the tube while the tank 
is raised for, say, a change of wave-length. Wrapping cellophane of thickness 
of one thousandth of an inch, similar to the window of the ionization chamber, 
is found to be satisfactory if the area is not too large. A window of 4 mm by 10 
mm is near the limit for withholding atmospheric pressure. Such a window 
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ruptures frequently (about 3 hours) during operation if the tube is more 
than one-half kilowatt of power. This is somewhat overcome by inserting 
an extremely thin aluminum foil to act as an electrical conductor adjacent 
to and on the tube side of the window. With the tube operating at one-tifth 
kilowatt or less the window lasts indefinitely. However, in any case, the re- 
duction in intensity due to absorption by the deposit of tungsten sputtered 
upon it may necessitate a replacement before rupture occurs. 

The volume of the tube is made rather large so that the relative effect of 
the sudden release of gas from a gas pocket during operation would be re- 
duced. 

In a study of the reflecting powers of calcite from 2 to 5 angstroms which 
the author has just completed, the ./ series of uranium was used, and a 
special process of obtaining thermal contact between the uranium and the 
water-cooled copper part of the target was developed. The piece of uranium, 
whose lower surface has been freshly cleaned, is placed on a flat coil filament 
of 12 mil tungsten wire mounted under a bell-jar, into which are introduced 
two water-cooled electrodes, and the bell-jar evacuated to a pressure of ap- 
proximately 10-4 mm of Hg. Current is passed through the tilament after the 
desired pressure has been reached and the uranium heated. The process must 
be carried out in a vacuum to prevent oxidation of the uranium. Since the 
melting point of uranium is below that of tungsten, with a gradual increase 
in current, the uranium will melt at the points of contact with the filament 
and flow around the tungsten wire. With practice filaments can be wound 
so that, when heated, and the sag has taken place, they offer quite a large 
surface for fusion with the uranium. Repetition of the process gives a good 
base of tungsten on the piece of uranium to which one can either silver-solder 
or spot-weld without further difficulty. 


ELECTRICAL CONTROLS 


The current for the tilament of the x-ray tube is supplied by a series of 
three 6-volt A batteries, each of 150 ampere-hours capacity. A sliding contact 
resistance of 6 ohms is used to adjust the current through the filament, and 
the voltage across the tube is maintained constant during operation by a 
vernier control of the filament current. This vernier is another variable con- 
tact resistance of 150 ohms placed in parallel with the first, and manipulated 
by turning the long wooden rod extending to the observers seat from the high 
potential battery stand, seen at the left in the photograph, Fig. 2. 

The equipment for generating the high voltage has been described by 
Allison and Andrew.® When working with low voltages, 0 to 15 k.v., a good 
microammeter in series with an accurately calibrated high resistance is used 
instead of the large electrostatic voltmeter described by them. Voltages could 
be read on the microammeter with an error of less than 30 volts. 

The author expresses with pleasure his indebtedness to Professor S. Ix. 
Allison who proposed the construction of this spectrometer and who suggested 
many of the main features incorporated in its design. 


6 Allison and Andrew, Phys. Rev. 38, 441 (1931). 
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X-Ray Diffraction from Calcite for Wave-Lengths 1.5 to5 Angstroms 


By Lyman G, PARRATT 
Ryerson Physical Laboratory, University of Chicago 
(Received July 13, 1932) 

Theoretical expressions for the coefficient of reflection, percent reflection, and 
width of the line to be expected from the second crystal of a double spectrometer in 
the (1, —1) position, based on Darwin's theory of reflection from a perfect crystal, as 
modified by Prins, are evaluated for calcite for six lines in the region 1.54 to 5A. This 
region includes, at 3.06A, the critical absorption limit of calcium. With a specially 
designed double-crystal spectrometer, these properties of the rocking curve from the 
second crystal for ten wave-lengths, copper Aa radiation and nine spectrum lines 
selected from the uranium .V series, are experimentally measured and these results 
compared with the calculated values. The agreement between the observed and cal- 
culated rocking curve widths is excellent throughout the entire region and gives no 
evidence of mosaic structure in the crystals. The calculated values of percent reflection 
are consistently above those observed by some 16 percent. Good agreement is obtained 
for the values of the coefficient of reflection for wave-lengths shorter than 4A including 
those close to and on either side of the calcium absorption limit. No correction for tem- 
perature motion of the atoms has been attempted, but it seems possible that such a 
correction would give very satisfactory agreement between theory and experiment, 
showing that calcite surfaces may be obtained for which there is no evidence of mosaic 
structure from the diffraction of x-rays. 


INTRODUCTION 


MMEDIATELY following Bragg’s interpretation of the Laue spots in 

1912, Darwin attacked the problem of accounting theoretically for the 
intensity distribution in the diffraction pattern. The original theory devel- 
oped by Darwin! is based essentially on the classical treatment of x-rays 
as a branch of optics and on the assumption of a perfect crystal,’ and, while 
the theory is now considered a classic in x-ray reflection, the conclusions and 
predictions derived, with the exception of the refractive index, did not con- 
form with experiment. Because of the great importance of this problem its 
solution was pursued by many investigators, mostly from the experimental 
approach, but the discrepancy between theory and experiment, though con- 
siderably decreased with the accumulation of more reliable data, has con- 
tinued to exist. Darwin explained this discrepancy with the concept of mosaic 
structure present in real crystals. In 1926, the status of the problem was ex- 
pressed by Professor A. H. Compton as “. . . there thus seems little hope of 
being able to apply the theory for a perfect crystal strictly to any real crvs- 
tal.”4 


1 Darwin, Phil. Mag. 27, 325 and 675 (1914). 

2 Ewald, Phys. Zeits. 26, 29 (1925). 

* A perfect crystal is defined as one having no grating distortion, no temperature motion 
of the atoms, of infinite dimensions, and with the reflecting surface defining a grating plane. 

4A. H. Compton, V-Rays and Electrons, D. Van Nostrand Co., page 143, 1926. 
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In 1930 Prins? offered a modification of Darwin's classical electromagnetic 
treatment by introducing the effects of absorption of the x-rays in the crystal, 
and, as has been recently pointed out by Allison,® the necessity of the concept 
of mosaic structure, at least in certain specimens of calcite crystals, is no 
longer acute. It is the purpose of this paper to show what agreement between 
the modified theory and experiment has been reached for calcite in the wave- 
length region of 1.5 to 5 angstroms, including at 3.06A, the critical absorption 
limit of calcium. 


THEORETICAL DISCUSSION 


To facilitate an understanding of the essentials of this problem, a brief 
resume of Darwin's treatment is given. 

Monochromatic radiation, in the form of plane waves, making a glancing 
angle near the Bragg angle on a perfect, non-absorbing crystal, is partially 
reflected and partially transmitted. The intensity of the transmitted com- 
ponent, in passing through the crystal, is diminished by partial reflection at 
every internal grating plane it encounters; and also, the inverse process is 
present, defeating the endeavors of the internally reflected components to 
emerge from the surface and contribute to the intensity of the beam reflected 
from the crystal as a whole. This interplay between the transmitted and re- 
flected beams was expressed by Darwin through two simultaneous difference 
equations in terms of the amplitudes 7, and S, of the transmitted and re- 
flected rays, and the number of grating planes 7, measured from the surface, 
involved in the process. The solution of the equations expresses directly the 
ratio of these amplitudes for r=0, at the surface of the crystal, in a complex 
quantity since the phase difference of the scattered rays occurs intimately 
throughout the analysis. The ratio of the intensities of the beams incident on 
and reflected from the crystal, taken as the square of the modulus of the 
complex expression, is given in the Darwin equation, with slight change in 
notation, 








rt T o 
Io To sin 09 cos #40 — 6 + | (sin cos O48 — 6)? — a®]!”? 


in which the variable, A@, is the deviation of the glancing angle of the radi- 
ation on the crystal from the angle 4) defined by »\ =2d sin 60; 6 represents 
the deviation of the refractive index n from unity (n=1—5); and a is the 
quantity defined by a/6=f(209)/f(0) where f(26o)/f(0) is the ratio of the 
amplitude of a wave scattered by the atom at an angle 20) to that scattered 
in the forward direction of the incident beam, or, in other words, at zero scat- 
tering angle. The sign of the radical is determined by the physical require- 
ment of the conservation of energy, that Js¢/Jo be always less than or equal 
to unity. 

Obviously the polarization of the incident beam will affect the quantity a 
and we must further qualify a by the relation a=Q6(F/Z) in which Q is the 


5 Prins, Zeits. f. Physik 63, 477 (1930). 
6 Allison, Phys. Rev. 41, 1 (1932). 
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polarization factor, equal to cos 26) and to unity for the two polarized com- 
ponents m and a, respectively, in which the directions of oscillations of the 
electric vectors are parallel and perpendicular to the plane of incidence of 
the radiation on the crystal. The term F/Z is the atomic structure factor 
divided by the number of electrons in the atom, and is equal to the ratio 


(269) /f(0) for the ¢ component. 





(2) 





If we desire to study characteristic radiation, which we know to be com- 
T x6 1 [ (F/Z)6 | 

To 2 Lsin 4 cos 040 — 6 + |(sin cos 40 — 6)? — (F2/Z2)62]}/2 

2 ‘= 8 COS O40 — 6 + [(sin A) cos AAO — 5)? — (F2/Z?)5? cos? 269]! 

exists for each polarized component. The angular extents of these regions are 
45(F/Z) csc 20) and 46( F/Z) cot 26) for the ¢ and 7 components, respectively. 
corrected Bragg angle @ (@=6 sec 9 csc 09+60). The refractive index is im- 
plied in the displacement of the axis of symmetry of the diffraction pattern 


pletely unpolarized, Darwin’s Eq. (1) is to be written in the form 
1 (F/Z)5 | cos 20, | } 
Examination of this Eq. (2) shows that a region of 100 percent reflection 
The intensity distribution of each of the terms in (2) is symmetrical about the 
from 4 to @. 


Prins’ modification 


Darwin considered the effect of absorption of the x-rays within the crystal 
upon his Eq. (1) but concluded that this introduced no essential modification. 
However, it should be pointed out that Darwin attempted to correct for ab- 
sorption by assuming that the absorption coefficient accounted for a decrease 
in intensity quite independent of that due to scattering, which was already 
adequately treated in the difference equations. Prins reasoned that, in view 
of our present knowledge, the absorption coefficient includes absorption of 
two types: first, a coherent process or a diminution of intensity due to inter- 
ference between the rays coherently scattered at zero scattering angle and the 
rays of the incident beam, and second, an incoherent or quantum process, 
such as photoeffect, recoil electrons, etc. Both types of processes must be in- 
cluded in a complete treatment of the problem. 

The classical theory of dispersion expresses the index of refraction as a 
complex quantity, m = 1—6—78, of which the real part, 1—4, is the ordinary 
refractive index. The coefficient 6 in the imaginary term, known as the ab- 
sorptive index, is defined in the relation 8 =u ,A/47, in which y, is the linear 
absorption coefficient of the medium for radiation of wave-length A. This 
classical expression for the index of refraction does not admit of incoherent 
absorption; however, Prins takes advantage of the experimental value of yw, 
which does include both types of absorption, and replaces 6 in Darwin’s Eq. 
(2) by 6+78, thereby incorporating in the theory a correction for incoherent 
absorption. When this substitution is effected, a similar replacement of a by 
a+ib must be made because of the relation between a and 6 just defined. 
The quantity 0 is considered later. 
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Prins’ equation, or the moditied Darwin Eq. (1), appears as? 
| RY a+ ib 2 
«ta 
/, sin A) cos 40-6 — is + (sin Ay) cos 4.40 —6 — i8)?—(a+ib)?]! 3 


In accord with the previous discussion, this expression applies to the o- 
component of polarization only; a similar expression in which (a+70) cos 249. 
is written in place of (a+7b) takes care of the 7-component. 

We are next confronted with the questions (1) of the phase relations of 
the scattered waves as a function of the scattering angle, (2) whether or not 
each electron can be treated as scattering separately, and (3) will the elec- 
tronic structure factor F Z be constant for all electrons in the atom irrespec- 
tive of their various binding energies and different dimensions of the electron 
shells. We shall assume that the phase shift of coherently scattered radiation 
is the same in all directions, and that the amplitude scattered as a function 
of the scattering angle is the same for all electrons. This hypothesis leads to 
the relation® 


(a + ib) (6 + ip) = f(260), (0) (4) 


for the g-component, where f(269), f(0) is the ratio of the amplitude scattered 
at angle 26) to that scattered at zero angle. 


Application to a real crystal— Calcite 


It will be remembered that thus far we have dealt with reflection from 
that type of perfect crystal in which the atoms are of one kind only. In order 
for the equations to apply to a complex crystal, such as calcite, which con- 
sists of interlaced planes of different kinds of atoms, certain modifications 
must be made. We have written (a@+7)) as a summation over the various 
types of electrons in the atom, and we must now sum over the various types 
of atoms in the unit cell. In place of (a+7b) we shall introduce a quantity 
(4+7B) detined as 


A+ iB = D(a; + ib; 
? 


D2 (6; + i8;) | f(200)/f,(0) Jexp 2eni(hx; + ky; + Is,) 


in which 6; is the contribution to 6 of atom j; » the order of reflection; /:, k, / 
the Miller indices of the reflecting plane; and x;, y;, 2; the coordinates of atom 
jin the unit cell. The summation is to be taken over all the atoms in the unit 
cell of the crystal. 


7 This is Eq. (11) in Prins’ article, reference 5. 

* It should be made clear that the writing of this relation (4) implies a somewhat dogmatic 
answer to each of the three above questions, and that a more accurate working hypothesis 
would be to consider each shell of electrons separately, both as regards the contributions to 6 
and 8, and also with respect to the electronic structure factor. Then (a+ib) would be written 
a+ib= >i (F/Z),(5; + i8;) where the summation extends over all the electrons of the atom 
in question. 
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Alteration of the form of the equation 


Before making the numerical calculations of the various quantities for 
calcite, let us derive the expressions for three important cnaracteristic proper- 
ties of the theoretical diffraction pattern of the crystal: the percent reflection, 
the coethcient of reflection, and the width at half-maximum intensity of 
the reflected line. 

First we shall reduce the equation to a less ponderous form. Introduce 
another variable, x, defined as x=sin 6) cos 6,46,6. The old variable, Aé, 
expressing in radians the deviation of the glancing angle from the angle 4) 


| 

















Fig. 1. Theoretical diffraction pattern from a single calcite crystal for \=2.299A, The 
outer curve, governed by the function F(/), is the sum of the two polarized components, F,(/) 
and F,(/). The values of the coordinates from which these curves are plotted are listed in 


Table I. 

(given by mX\=2d sin 60), has 49 as its reference origin. The variable x has 
the same reference origin, but represents the fractional deviation of the glanc- 
ing angle, the unit of deviation being (45 sec 4) csc 69). A further change of 
variable to establish the position @ as the reference origin will be found con- 
venient. We shall define a new variable, / 


l = Yf=_— 1 => sin Ay COs Ay AO 6 —- e (QO) 
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Then Eq. (3) reduces to the form, in /, 


I, (A + iB) /6 2 
F,(l) = = | — eared , (7) 
(7) tl — ip /6 + i (/ — if 6)? — [(A + iB) 5]2}! 2 
Physically, F,(/) is the ordinate of a point, for a given value of /, on the 
curve of the diffraction pattern to be expected for o-polarized radiation re- 
flected from a single crystal. This is the form of the equation we shall use 
throughout the remainder of this paper. As before, the t-component is ex- 
pressed by a similar function F,(/) obtained by replacing A +7B by (4 +7B) 
cos 209 in (7). The two components and their sum are plotted for \=2.299A 
in Fig. 1, and the values of the coordinates from which these curves are drawn 
are given in Table I. 
Percent reflection 
The three properties, percent reflection, coefficient of reflection, and line 
width of the rocking curve, are experimentally determined with a double- 
crystal spectrometer, by a method to be discussed in the experimental part 





ri —— 





a 














Fig. 2. Theoretical diffraction pattern from a second calcite crystal for \=2.299A. The 
polarized components represented by the function ©,(k) and #,(k) are added together to give 
the total theoretical diffraction pattern drawn as the outer curve. This pattern is to be com- 
pared with the experimental rocking curve obtained with the double-crystal spectrometer in 
the (1, —1) position. The coordinate values used in plotting these curves are given in Table I. 


of this paper. Hence, for purposes of comparison between theory and experi- 
ment, it is desired to obtain expressions for the intensity distribution in the 
theoretical diffraction pattern as formed by the second crystal, or in twice- 
reflected radiation. 

The total integrated intensity of a characteristic x-ray line reflected from 
the first crystal is given by 


oe eo) 


J F()dl = 3 f F,(I)dl + J F,(Ddl (8) 


tol 
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assuming that each polarized component of the incident beam is of equal 
intensity. This expression (8) also represents the total intensity incident 
upon the second crystal of the spectrometer. 

To treat the reflection from the second crystal, we shall introduce a new 
variable, k, defined as the deviation, measured in the same units as /, of the 
glancing angle of the radiation on the second crystal from that angle for 
which the two crystals are parallel. The doubly reflected intensity is given, 
considering both components of polarization, by 

xz 


D(k) = 3&,(k) + 34,(k) = f F(DF(l — k)dl + if F,()F,(l — k)dl. (9) 


tol 


The function ®(%) for a given value of k, is the ordinate of a point on the 
curve of the theoretical diffraction pattern from the second crystal. The two 
components and their sum, representing the complete theoretical diffraction 
pattern are plotted for the wave-length \ =2.299A in Fig. 2, and the coordi- 
nate values used are given in Table I. 


Taste 1. Theoretical diffraction pattern formed | Theoretical diffraction pattern formed by 
by a single calcite crystal for \=2.299A. | a second calcite crystal for \=2.299A, 











i F,(1) F, (1) F(2) | k ,(k) $,(k) (k) 
2.5 0.010 0.005 0.015 0.0 0.6310 0.3565 0.9875 
2.0 0.015 +0.2 0.5800 0.3185 0.8985 
1.5 0.030 0.015 0.045 +0.4 0.4886 0.2335 0.7221 
1.0 0.073 0.035 0.108 +0.6 0.3876 0.1510 0.5386 
0.8 0.125 0.057 0.182 +0.8 0.2660 0.0815 0.3475 
0.7 0.076 +1.0 0.1735 0.0480 0.2215 
0.6 0.268 — 0.090 0.358 +1.5 0.0686 0.0220 0.0906 
0.5 0.428 0.170 0.598 +2.0 0.0368 0.0120 0.0488 
0.4 0.581 0.300 0.881 +2.5 0.0218 0.0050 0.0268 
0.3 0.672 0.495 1.167 

0.2 0.727 0.617 1.344 

0.1 0.766 0.684 1.450 

0.0 0.795 0.725 1.520 

—0.1 0.818 0.750 1.568 

—0.2 0.839 0.766 1.605 

—0.3 0.851 0.722 1.573 

—0.4 0.871 0.370 1.241 

—0.5 0.727 0.179 0.906 

—0.6 0.299 0.111 0.410 

—0.7 0.077 

—0.8 0.126 0.057 0.183 

—1.0 0.074 0.035 0.109 

—1.5 0.030 0.015 0.045 

—2.0 0.015 

—2.5 0.010 0.005 0.015 











| 


The percent reflection is defined as the ratio (multiplied by 100) of the 





maximum reflected intensity to the intensity of the beam incident upon the 
crystal. In the diffraction equations, the maximum intensity is reflected 
when k=0, and the expression® for percent reflection P becomes 


f Feat + f FP (I)dl 


J Falddl + f F,(I)dl 


P= (10) 
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Coefficient of reflection 


The coethcient of reflection is defined as the ratio of the integrated in- 
tensity of the beam reflected from the second crystal to the intensity of the 
beam reflected from the first crystal only. The integrated intensity from the 
second crystal refers to the area under the rocking curve obtained by varying 
k throughout the entire region of reflection. Hence, the expression® for the 
coetticient of reflection R can be written 


| nce + f P.(A)dk 


R = 6 sec A ese By - ——- (11) 


| Fal + | F,(Ddl 


in which ®,(k) and ®,(%) are detined in Eq. (9). The unit of angular measure, 


x 


6 sec A) csc A, is placed in the expression (11) in order to convert the units 
of the coetticient of retlection into radians. 


Width of diffraction pattern 


Eq. (9) when plotted for various values of & gives the contour of the the- 
oretical diffraction pattern of an x-ray line reflected from the second crystal, 
Fig. 2. From this graph the width at half-maximum is obtained in terms of the 
variable k, and is converted into radians by multiplying by the angular unit 
6 sec 4) ese A). This value, IV) 2, 


Wy. = LW, |, 08 sec Ay Cse A (12) 


should correspond with the width at half-maximum of the ionization rocking 
curve of the x-ray line measured with the double-crystal spectrometer in the 
(1,—1) position. 


CALCULATIONS 
As Allison® points out, the shape of the rocking curve obtained experi- 
mentally with a double spectrometer in the parallel position is not to be com- 
pared with that given in Fig. 1, but rather with the shape represented in 


* When obtaining the total reflected intensity from Darwin's Eq. (2), it is true that 


| fr(AO)d( AO) = | cos 20, ! | fo(\O)d( AO) 


and the integrated intensity reflected from a single crystal, assuming an unpolarized incident 
beam, can be written 


~ 
J=(1+ cos20,,)/2 i fo(AO)d( AO). 


However, when dealing with the complex expression of Eqs. (3), (7) or (9), this simple cos 
2 relation between the two components is no longer true due to the fact that the integration 
must be performed along the real axis. Consequently, each component must be calculated 
separately. In Allison's recent paper,® the cos 24 relation is assumed to hold, and in consequence 
thereof, as Professor Allison himself points out in a letter to the editor in this issue of the 
Physical Review, his equations and computed values are somewhat in error. 
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Fig. 2 which is governed by the function ®(%), Eq. (9). It would perhaps be a 
more direct comparison to determine experimentally the ®(k) and, by means 
of Eq. (9), derive an experimental rocking curve from the first crystal which 
could then be compared with the theoretical function F(/) represented in 
Fig. 1. However, this procedure has been shown" mathematically impossible 
unless F(/) be assumed to be an even function, that is to say, symmetrical 
about the axis /=0, which assumption, of course, defeats the purpose. In 
this paper we shall take for granted the validity of Eq. (3) and, on this basis, 
calculate the ®(k), then check the agreement between the values so com- 
puted and the experimental values. The three properties, percent reflection, 
coefficient of reflection, and line width, are chosen for this check because 
they are perhaps the most distinctive characteristics of the rocking curve 
that can be experimentally measured. 


Evaluation of constants in F(/) 


The values of the refractive index 6 for calcite are taken directly from the 
experimental dispersion curve given by Larsson" in which values of 6 /* are 
plotted in the region 1.5 to 4A. The 6 ‘X? values to 5A are taken from the curve 
plotted from classical dispersion theory. . 

A search through the literature for absorption coefficients of calcite in this 
wave-length was unsuccessful, and it was necessary to resort to an approni- 
mate method for their calculation. An extrapolation of the absorption coefti- 
cient of each element in the crystal using the \° or the \*° law would vield 
values too much in error to be useful. Jénsson™ in his investigations finds a 
linear relation between the product ZX and (u,/p)x (WAZ) where u, is the 
linear absorption coefficient, p the density of the element of atomic weight 
W’ and atomic number Z, and A Avogadro’s number. The factor u,/p is ex- 
pressed for the region between the K and L absorption limits, and if (u,; p), is 
desired (u;‘p)x must be converted to the LZ region by the factor Ex Ey, where 
Ex and E, are the energies of the K and ZL levels respectively. Then, for any 
value of ZA, determined by the element and wave-length in question, the 
corresponding value of (u,; p)x is taken from Jénsson’s tables. In this manner, 
the mass absorption coefficients of calcium, carbon, and oxygen are obtained 
for the wave-lengths selected in this study. The mass absorption coefficients 
are converted to atomic, and, by addition, the molecular, and, thence, the 
linear absorption coefficients of calcite are evaluated. This empirical method 
gives reasonably good values as checked (within approximately 5 percent) 
with Spencer's experimental measurements on oxygen and argon. 

The factor 8, previously defined in the relation 8 =p, ‘47, is readily cal- 
culated as soon as u; is determined. 

The evaluation of A and B, which have been defined in the summation 
(5) over the unit cell, is accomplished in the following manner. 


1 Laue, Zeits. f. Physik 72, 472 (1931). 

1 Axel Larsson, Inaugural-Dissertation, Uppsala (1929). 
'? Edvin Jénsson, Inagurual-Dissertation, Uppsala (1928). 
8 Spencer, Phys. Rev. 38, 1932 (1931). 
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The quantity 6; may be considered as the deviation of the index of re- 
fraction from unity for a substance formed by removing all the atoms from 
the calcite unit cell except the atom j. The unit cell of calcite contains two 
molecules of CaCQOs. All the electrons in the oxygen and carbon atoms are 
so loosely bound with respect to the quantum energies of the wave-lengths 
employed in these experiments that their dispersion may be considered nor- 
mal. This means, taking carbon as an example, that 


6. = (e7d?, 2rmc*) N, (13) 


where .V. is the number of electrons per cubic centimeter in calcite due to 
one of the carbon atoms in the unit cell. As mentioned above, the calculations 
are carried out on the assumption that each atom in the crystal contains a 
number of electrons equal to its atomic number, that is, the calculations are 
made for non-ionized calcium carbonate. On this assumption 


V. = 6/7 = 3Ap M (14) 


where V is the volume of the unit cell of calcite, J the molecular weight, A 
Avogadro's number, and p the density. The 6; values for carbon and oxygen 
are calculated from Eqs. (13) and (14), and the value of 6,, is then deter- 
mined by subtracting 6.+ 340 from the 6 value observed by Larsson according 
to the formula 

bea = 6/2 — 6. — 3dbo. (15) 


The 6; values employed here thus depend partly upon the classical dispersion 
theory and partly upon Larsson’s experimental results. 

The 8; values for each atom in the unit cell are determined from the linear 
absorption coefficients obtained by the method of Jénsson mentioned above. 

By the factor f;(26@0) /f;(0) in Eq. (14) is meant the ratio of the amplitude 
scattered from the atom j at the scattering angle 26) to that scattered in the 
forward direction. This ratio is evaluated from tables of structure factors.:" 
The recent work of Glocker and Schiifer'? indicates that this ratio is a func- 
tion of wave-length and changes near a critical absorption discontinuity of 
the atom. We shall not attempt to take this effect into consideration, due to 
the small amount of data available, and shall apply the same values to all 
wave-lengths in the calculations. 

We have assumed the electronic structure of calcite to be Ca°C°O3°, and 
by averaging the values in the structure factor tables referred to above, we 
obtain 





fea(20o) os 

— = 0.768 

fea) 

it = 0.650 (16) 


14 A. H. Compton, reference 4, page 210. 

James and Brindley, Phil. Mag. 12, 81 (1931). 

© Pauling and Sherman, Zeits. f. Krist. 81, 1 (1932). 
17 Glocker and Schafer, Zeits. f. Physik 73, 289 (1931). 
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fo( 280) 


——— = 0.775. 
fo(0) 
The exponential term in Eq. (5) expresses the phase differences between 
the waves scattered from the several atoms in the unit cell. The coordinates 
of the atoms are 


Calcium} } 4} 3 3 3 
Carbon 0 O O ,; 2 3 
Oxygen; {i O r 0 3 
1 1 1 3 1 

Of 4 4 4 2 

3 1 1 1 1 3 

4 2 4 2 4 4 


Substituting these coordinates in the exponential term we find that the waves 
scattered from the two calcium atoms reinforce each other in the first order; 
and likewise for the two carbon atoms. The contributions of four of the six 
oxygens disappear by destructive interference, leaving only two oxygen atoms 
effectively scattering. The expansion of Eq. (12) therefore takes on the form 
; _— fea 260) _ . fel 260) _. fol 260) 
A+ iB= 2] a + i.)—_— + (6. + 8.)—_—. + (60 + itor | 17) 
fea(O) f-(0) fo(0) 
and the summation can now be accomplished. The constants A and B are 
determined by equating them to the real and to the coefficient of the imag- 
inary terms respectively. 
The calculations outlined above yield the following values, presented in 
Table II, for the six selected wave-lengths: 
TABLE II. Evaluation of the constants in Eqs. (7) and (9) for calcite. 
\=wave-length; @=glancing angle; «4; =linear absorption coefficient; 


6=deviation of refractive index from unity. 














r 6 gp 6 A B 
(angstroms) | cos 26| x 108 MI (cm) 10° x 108 
1.537 0.8712 8.753 208 0.0211 4.457 0.185 
2.299 0.7120 19.21 615 0.0424 9.716 0.815 
2.941 0.5286 28.32 1190 0.0710 13.50 2.010 
3.114 0.4716 32.59 265 0.0106 15.78 0.345 
3.902 0.1702 53.47 493 0.0149 26.54 0.795 
4.937 0.3283 86.60 890 0.0207 43.20 1.792 








Calculation of R, P, and W,2 


All the constants in the functions F(/) and ®(k) are now determined and 
the theoretical values for the percent reflection, Eq. (10), the coefficient of 
reflection, Eq. (11), and the width of the diffraction pattern, Eq. (12), can 
be calculated. The computations were carried out by laborious graphical 
integration,'® and the results are presented in Table III. 


18 The author wishes to express his indebtedness to Mrs. Ardis Monk, computor of this 
laboratory, for her generous cooperation in assisting with these calculations. 
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EXPERIMENTAL PART 


As was mentioned in the introduction of th s 
paper, experimental work upon the problem of 
x-ray reflection from crystals has been undertaken 
by many investigators, but little agreement exists 
among the reported results. The experimental re- 
sults for calcite are represented graphically in 
Fig. 6 of Allison’s paper.® The inconsistencies of 
these results among themselves in all probability 
can be attributed to the various degrees of perfec 
tion in the crystals employed by the ditferent in- 
vestigators. The present experiments are = an 
attempt to measure systematically the aforemen- 
tioned three properties of reflection for one pair of 
calcite crystals through a comparatively large 
range of wave-lengths, from 1.5 to 5 angstroms. 
Allison has recently reported® a similar study for 
the same crystals, crystals IT of his paper, in the 
region 0.21 to 2.28 using in his investigations a 
ditferent double spectrometer. A second object of 
these experiments is to complete the calibration of 
the erystals for use in relative intensity meesure- 
ments in the entire region 0.21 to 5 angstroms. 


Apparatus 

Air at atmospheric pressure is more or less 
opaque to x-rays of wave-lengths 2 to 5 angstroms 
and in order to perform these experiments a 
specially designed vacuum double-crvstal ioniza- 
tion spectrometer was constructed. In Vig. 3 is 
given a photograph of this instrument. The two 
collimating slits, the two crystals, and the ioniza- 
tion chamber are supported on a heavy circular 
steel bed-plate, and a large metal evlindrical cap, 
shown in an elevated position in the photograph, 
can be lowered to the plate, enclosing the contents 
in an airtight chamber. The x-ray tube, with an 
uranium target whose position can be adjusted 
with respect to the tube itself while in operation by 
means of a svlphon connection, is clamped to the 
side of the evlindrical tank, and brought into align- 
ment with the slits by sliding the tank on the stop- 
cock grease which effects the seal between the tank 
and the bed-plate. Outside control of the second 
crystal and the ionization chamber is managed by 


having long, concentric tapered bearings, sealed 
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with stop-cock grease, extending through the bed-plate. Details of the 
design and construction of this apparatus have been reported in an earlier 
paper by the author.'® 
Measurements 

Nine lines selected from the uranium .\/ series*® from 2.299 to 4.937A and 
the copper Aq radiation, 1.537A were used in the measurements. The lines 
of wave-lengths 1.537A and 2.299 overlap the region investigated by Alli- 
son,’ and the good agreement between the results measured with the two 
different spectrometers can be considered experimental evidence that the 
properties of the rocking curves are really characteristic of the crystals them- 
selves and not a function of the apparatus. 





Fig. 3. Photograph of the double-crystal vacuum spectrometer. 


By observing the ionization rocking curve obtained in the (1,—1) posi- 
tion by rotating the second crystal throughout the entire range of reflection, 
and the intensity of the x-ray beam reflected from the first crystal only, that 
is, With the second crystal removed from its position so that it does not inter- 
cept the beam, one gathers all the data necessary for measurements of the 
percent reflection, the coethcient of reflection, and the width of the line. A 
regular routine, very similar to the one described by Allison,’ was adopted 
in recording these data. 

™ Parratt, Phys. Rev. 41, 553 (1932). 

°° The wave-lengths of the uranium ./ series are taken from the tables of Siegbahn, 
Spektrosko pie der Roentgenstrahlen, Julius Springer, 1931, 
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The accumulation of tungsten sputtered on the cellophane window be- 
tween the x-ray tube and the tank, and also on the face of the target, absorbs 
the soft X-rays very strongly, and a correction for the exponential diminution 
of intensity due to this cause was found necessary. This correction was ef- 
fected experimentally by taking a series of measurements with the x-ray tube 
operating smoothly and without change of power over a period of at least 
four hours and observing the intensity drop as a function of time. 

In order to check the presence of any possible deterioration of the eryvs- 
tals, such as would affect their resolving power, measurements with the se- 
lected spectrum lines were taken in the order of increasing wave-length. 
About two months after the tirst measurements had been begun, a second 
series Was completed, having taken the wave-lengths in the order opposite to 
that of the tirst. If the surfaces of the erystals had changed in this period of 
time a consistent deviation in the measured properties would have been ap- 
parent, particularly in the widths of the lines and in the percent reflection at 
the short wave-lengths. No such deviation was observed. 

The experimental measurements are listed in Table IV. Each value is the 
average of at least two, usually tive. independent observations. The values 
for the same properties computed from the theoretical equations are also 
included in the table for ease of comparison. 

Tanne IV. Experimental and calculated values of Wy 2, Po and R. 


I] shalf-width at half-maximum intensity (seconds of arc), P=percent retlection, 
R=coetticient ot reflection (in radians). 


\ We F Rk» 10 


A obs. cale. obs. cale. obs. cale,. 
1.3537 5.00 4.94 oO 5 09.2 3.80 3.8) 
2.299 1.0 7.45 50.7 Sid +.81 $ SO 
2.745 9.10 3.1 4.02 
2.941 9.10 8.61 39 1 44.3 $235 $49 
3.114 9.15 8.70 57.4 09.1 | 0.70 6.80 
3.514 13.00 37.3 835 
3.708 14.20 + a 9 30 
3.902 15.25 15.05 57.8 607.0 10.40 11.20 
+.322 18.00 58.1 11.97 
$937 23.70 23.50 51.0 00.4 14.00 160.40 


DISCUSSION OF RESULTS 


The experimental and calculated values of the three properties of retlec- 
tion are presented graphically in Figs. 4, 5, and 6. 

The agreement, close to experimental error, of the line widths throughout 
the entire region gives no evidence for the presence of mosaic structure in the 
crystals. 

The calculated values of the percent reflection are consistently high, but 
this is not surprising when one considers that the percent reflection is par- 
ticularly sensitive to the shape of the pattern, being proportional to the 
square of the ordinate, Eq. (10). This disagreement may be accounted for by 
the temperature motion of the atoms, to be discussed presently, or it may 
reflect an inherent inadequacy of Eq. (7) to correctly represent the diffraction 


pattern. 
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The comparison of the calculated and observed values of the coefficient 
of reflection should be considered in connection with the next paragraph. As 
seen in Fig. 6 the observed values lie below those calculated, and, in fact, 
another pair of calcite crystals, crystals III reported by Allison,® give experi- 
mental values of 3.46 and 4.68X10-* radians for wave-lengths 1.537 and 


— a 
| 
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Fig. 4. Comparison of the observed and calculated half-width at half-maximum intensity 
(IV;,2) of the rocking curves obtained with the double-crystal spectrometer in the (1, —1) posi- 
tion. The differences are near the limit of experimental error. Note added in proof: “Calculated 
AK absorption limit” should read “Calcium A absorption limit.” 
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Fig. 5. Comparison of the observed and calculated percent retlection (P) of the rocking curves 
obtained with the double-crystal spectrometer in the (1, —1) position. 


I] given in Fig. 6. This indicates that the theoretical values uncorrected for 
the kinetic motion of the atoms due to temperature are somewhat too high. 
The deviation at \=4.937A between the two curves of Fig. 6 may be due to 
the uncertainty of the value of 6 at this wave-length, the value used being 
taken from the theoretical dispersion curve since Larsson’s work" did not 


2. 285A, respectively, which are even lower than those observed for crystals 
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extend to this wave-length. Also there is reason to believe that the absorption 
coefficient is least reliable at this long wave-length. 

In developing the equations on which the calculations are based, we con- 
sidered reflection from a perfect crystal; and in the experimental measure- 
ments a real crystal is used. The differences between a real and a perfect 
crystal, for practical purposes, are present in the distortion of the grating 
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experimental error. 


planes, or the mosaic structure, and in the temperature motion of the atoms. 
In view of the excellent agreement in the width of the lines, Fig. 4, the 
mosaic structure in the specimens of calcite used in these experiments may 
be considered to be very small. A correction for temperature motion of the 
atoms in a calcite crystal is difficult to carry out, and has not been attempted 
in this paper. In general, the effect of raising the temperature of the crystal 
is to lower the values of percent reflection and coefficient of reflection leaving 
unaltered the width of the pattern, and it seems possible that such a correc- 
tion for temperature would give very satisfactory agreement between theory 
and experiment with specimens of calcite in which the mosaic structure is a 
minimum. 

It is a pleasure to acknowledge the many essential suggestions and the 
constantly helpful advice and criticism which Professor S. K. Allison has of- 
fered in the course of this work. 
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Survey of the K-Satellites 


By O. Rex Forp 
West Virginia University 
(Received June 4, 1932) 

A survey of the a-satellites from Ge (32) to Mg (12) reveals new lines in the 
Ka’ series, from the element Ca (20) to Va (23). The Kas;.; doublet is resolved over 
five additional elements, from Ca (20) to Mn (25). The Ka; line is shown to have two 
components, Ae; and Ka;’, over the range of elements Al (13) to Cl (17). Micro- 
photometer records, tracings of which are shown, reveal a significant reversal in the 
relative intensity of Aa; and Kay. This reversal is an atomic phenomenon and is not 
dependent upon chemical combination. 

The survey of the 8-satellites from Cu (29) to Cl (17) adds two new lines of the 
A383” series in the elements Cr (24) and Cl (17), four new lines in the Ag» series from 
Va (23) to K (19), and reveals two new series, named Ks!’ and Ks’. The Ka" series 
was found in three elements; zviz., Sc (21), Ca (20) and K (19) while the Ap’ series, 
which starts at the element (20), extends downward to Cl (17) and probably farther. 
While none of the points in the new series was obtained from the free elements, the 
behavior of their semi-Moseley diagrams resembles those of the other -satellites. 
To relate all the 3-satellites to Aa: rather than Ag;, as has been customary, is shown 
to be of great convenience in the experimental study and classification of the 3-satell- 
lites; the physical significance of this mode of representation, however, is problematic. 


INTRODUCTION 


A A result of some measurements on the satellites of the diagram lines 
La, and Lg, over the range of elements R(37) to Sn(50), Richtmyer and 
Richtmyer' were able to show that the satellite lines were more numerous 
than had previously been reported and that carefully timed exposures were 
necessary to bring out the satellite lines. This fact alone would warrant a sur- 
vey of the A-satellites. By making the dispersion as great as possible both by 
the selection of crystals, which would give large Bragg angles, and by trying 
exposures in high orders, it was hoped so to separate the satellites from the 
diagram lines as to reduce the error in the wave-length determinations. How- 
ever, after several unsuccessful attempts in higher orders the survey was 
limited to first order spectrograms. 

Microphotometer records of all spectrograms gave some notion of the rela- 
tive intensities of the satellites among themselves, but, due to the very great 
over-exposure of the diagram lines, no idea of the intensity of the satellites 
in comparison with the diagram lines. 

APPARATUS AND PROCEDURE 

All spectrograms were taken on a Siegbahn vacuum spectrograph of the 
relative wave-length type. The slit width, in nearly all exposures, was 0.08 
cm and the distance from the slit to the photographic plate was 36.728 cm. 
The source of electrons was a heated tungsten spiral. The high potential 
across the x-ray tube was obtained from full wave rectification of the second- 

1 Richtmyer and Richtmyer, Phys. Rev. 34, 574 (1929). 
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ary voltage of a transformer, with suitable condensers to reduce the voltage 
fluctuations to a ripple of about 5 percent. To prevent the visible light from 
reaching the photographic plate, the slit was covered with carbon paper, 
which works very satisfactorily down to and including Mg (12). 

A calcite crystal was used for all spectrograms in the range of elements 
from Ge (32) to S (16); a quartz crystal on the elements P (15), Si (14) and 
Al (13); a gypsum crystal on the elements Al (13) and Mg (12). Pure ele- 
ments were employed for target materials, whenever possible, to avoid the 
effect of chemical combination. Materials, other than pure elements, are 
listed in Table I. 


TABLE I. Spectrograms of elements in chemical combination. 


Element Material used for spectrogram 
Va 23 H,\V.O; on copper target 
sc 624 . Sc.O; on copper target 
Ca 20 CaO on copper target 
K 19 K»SO,4 on copper target 
Cl 17 NaCl on aluminum target 
> 6 Al2S; on aluminum target 


r 6 (Fe-Phos.) alloy on copper target 





The procedure followed in taking each spectrogram consisted in making 
enough preliminary runs to find a method by which the material could be 
kept upon the focal spot and to obtain the exposure necessary to bring out all 
the known satellites. A second spectrogram was then taken, with conditions 
constant, using double the above exposure. 


MEASUREMENT OF THE SPECTROGRAMS 


All spectrograms were measured in two different ways: (1) by means of a 
comparator with low magnification, approximately five: (2) from micropho- 
tometer records with a magnification of ten. All values reported in the tables 
represent a weighted mean of the two methods. Measurements were made to 
the center of the lines. Since the error of superposition! can be estimated on 
the microphotometer records, it is possible to give some weight to the psycho- 
logical error of contrast, inherent in the comparator readings, by comparing 
the separation of two lines measured by both methods. Comparison showed 
that the average separation of two lines, obtained from comparator readings, 
differed from the separation of the same two lines, determined from micro- 
photometer records, by a value which was less than the probable error in a 
series of comparator readings. Hence, the probable error, in a set of compara- 
tor readings, seems to be a fair criterion of the experimental error. The prob- 
able error will vary from 0.25 percent, for a satellite well separated from the 
reference line, to 2.00 percent for diffuse satellites close the reference line. 

Since values of (Av/R)' are more significant in the theory of the satellites 
than wave-length values, it is desirable to record values of (Av, R)' * which are 
determined directly from the measured separation of the lines by the formula, 


(Av/R)'/2 = (AN/AER)E, (1) 
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TABLES AND RESULTS 

Tables II to VII give the results on the 6-satellites, studied over the range 
of elements Cu (29) to Cl (17). The results on the a-satellites, surveyed from 
Ge (32) to Mg (12), are recorded in Tables VIII to XIII. 

Column one gives the elements in which the satellite was measured, 
column two the wave-length values of the reference line taken from the tables 
in Vol. NXIV of the Handbuch der Experimentalphysik. The separation of 
the satellite from the reference line, measured on the photographic plate, is 
recorded in column three. Column four contains the calculated wave-length 
values of the satellite, while columns five and six give the values of Av/R 
and (Av R)' *, calculated by formula (1). 
3-Satellites Referred to KG 

















Taste Il. 

2 ~*m 2 
Elem. 3; Aa, —B,) By Av R (Av R)'? 
19 3446.80 0.264 3488 .67* 3.17 1.78 
20 3083 .43 0.301 3126 .06* 4.08 2.02 
1 2773.94 0.268 2813 .16* 4.58 2.14 
2? 2508 .98 0.240 2545 .86* 5.34 2.31 
23 2279.72 0.237 2315.25 6.25 2.50 
24 2080.59 0.213 2113.54 6.98 2.64 
Taste III. 

. cm , " . 1/2 
Elem. 3 A(3,-3’) 3 Av 'R (Av R) 
20 3083.43 0.0810 3094.92 1.102 1.050 
21 2773.94 0.0632 2783.20 1.096 1.047 
22 2508 .98 0.0555 2517.31 1.208 1.099 
23 2279.72 0.0399 2285.85 1.105 1.051 
24 2080 .59 0.0331 2085.78 1.092 1.045 
25 1906.19 0.0286 1910.68 1.132 1.064 
26 1753.01 0.0216 1756.48 1.020 1.010 
27 1617.44 0.0190 1620.46 1.051 1.025 
28 1497 .05 0.0152 1499 .48 0.988 0.994 

TaBie IV. 
cm 

Elem. By A(3,—-8”) B”’ Av/R (Av, R)2 
17 4394.60 0.0546 4385 .49* 0.52 0.72 
19 3446.80 0.0635 3434.15 0.98 0.99 
20 3083 .43 0.0610 3075 .84 0.824 0.908 
21 2773.94 0.0482 2765.88 0.835 0.914 
22 2508 .98 0.0511 2501.32 1.109 1.053 
23 2279.72 0.0484 2272.28 1.272 1.179 
24 2080 .59 0.0460 2073 .46* 1.441 1.235 

TABLE V. 

a cm _ ; 

Elem. Bi A(3,— 8!) pls dv R (Av / R) 2 
19 3446.80 0.249 3397 .07* 3.870 1.967 
0 3083 .43 0.295 3041 .45* 4.012 2.006 
2.065 


1 2773.94 0.244 2738.10" 4.264 


* Indicates new lines discovered in this research. 
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TaBLe VI. 
cm 
A(3,—2""") fea 
0.211 3404 .69 
0.2520 3047.58 
0.2077 2743 .44 
0.1692 2483.55 
0.1433 2257.69 
0.1239 2001.38 
0.1040 1889 90 
0.0990 1737.39 
0.0920 1002.97 
Tape Vil. 
cm 
A(3; —3*) 3° 
0.0228 4390 .8* 
0.0230 3442 .2* 
0.0227 3080 . 20* 
Taste VIII. 
cm 
A(a»—a’) a’ 
0.1194 9830.31 
0.0917 8287.75 
0.2295 7079 .99 
0.1593 6116.21 
0.2856 5341.69 
0.1853 4702.15 
0.1242 3710.89 
0.1085 3340 .04* 
0.0945 3004 . 89* 
0.0805 2724 .97* 
0.0731 2491 .88* 
TABLE IX. 
cm 
A(as—a;) as 
0.208 9802 .46 
0.1561 8205.48 
0.366 7062.51 
0.240 6103.25 
0.433 5330.18 
0.279 4692.39 
0.1816 3713.43 
0.1581 3333.21 
0.1362 3008 .92 
0.1196 2729.21 
0.1059 2480.21 
0.0952 2274.36 
0.0861 2088 .16 
0.0841 1922.86 
0.0764 1777.15 
0.0688 1647 .43 
0.0667 1530.52 
0.0615 1426.01 
0.0560 1331.86 
0.0530 1246.66 
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TABLE X. 





cm 
Elem a A(as—a;) as Av R (Av /R)'2 
12 9807.75 0.253 9788 .30 0.743 0.862 
13 8319.40 0.190 8253.75 0.859 0.951 
14 7109.17 0.445 7052.34 1.023 1.012 
5 6141.71 0.296 6094 .23 1.149 1.071 
16 5303.75 0.521 5323.26 1.283 1.132 
17 4721.36 0.336 4686 .23 1.428 1.198 
19 3737.06 0.214 3709 .22 1.824 1.350 
20 3354.95 0.185 3329 50 2.061 1.436 
)] 3028 .40 0.159 3005 .66 2.260 1.503 
22 2746.81 0.138 2726.46 2.458 1.568 
23 2502.13 0.1219 2483 .80 2.667 1.633 
24 2288 .91 0.1084 2272.35 2.881 1.697 
25 2101.49 0.0978 2086 .35 3.123 1.767 
TABLE XI. 
cm 
Elem. as Alas—as) as Av R (Av /R)'¥2 
12 9867.75 0.426 9742.65 1.255 1.120 
13 8319.40 0.314 8210.80 1.429 1.195 
14 7109.17 0.730 7015.40 1.690 1.300 
TABLE XII. 
cm 
Elem. a (a»— as) as Av R (Ay R)'2 
12 9807.75 0.503 9718.35 1.48, 1.218 
13 8319.40 0.377 8189.90 1.717 1.310 
14 7109.17 0.804 7005 .77 1.822 1.3606 
TasBLe XIII. 
cm 
Elem. a. Alas—a; a,’ Av R (Avy R 
7109.17 0.388 7058 .77 0). 892 0.945 
5 6141.71 0.257 6100 .51* 0.995 0.997 
6 8363.75 0.462 5327.90 1.135 1.066 
17 4721.36 0.300 4690 .20* 1.274 1.129 


THe Ka’-SATELLITE 

Four new lines were found in the Ka’ series, extending the series from 
IN (19) to Va (23). However, there is a possibility of finding this satellite in 
a few more elements above V a(23) with very long exposures, since this line 
presents the behavior of gradually fading out in the elements of higher atomic 
number. Deodhar? reports, for Si (14), two components of Ka’. However, the 
doublet character of Ka’ is very problematic since this structure was noted 
in only one element and since Deodhar’s careful reexamination of Bicklin’s’ 


? Deodhar, Proc. Rov. Soc. A131, 633 (1931). 
Sucklin, Zeits. f. Physik 33, 547 (1925). 
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original plate on silicon failed to show any trace of structure in the Aa’ line. 
Moreover, no trace of the doublet nature of Ka’ was found on any spectro- 
gram of this survey although the dispersion of the author's spectrograph was 
greater than Deodhar’s. Since quartz crystals were used in both spectro- 
graphs, the dispersion ratio of the two spectrographs is the ratio of the dis- 
7.596. Intensity 
considerations can scarcely be urged for the failure of other observers to find 


tances from slit to photographic plate, namely, 36.728 2 


the structure of Ka’ since silicon is one of the very convenient elements to 
handle on the focal spot. 


THk Aas, DousLer 


The Aag., doublet was measured over the range of elements from Mg(12) 
to Ge(32). The extension of this doublet from Zn(30) to Ge(32) confirms the 
findings of Richtmyer and Ramburg* who first detected and measured the 
line in any element above Zn(30). 

Resolution of Ka;., has been reported in the literature from Na(11) to 
Ca(20). However, the plates obtained on this spectrograph, with the rather 
large dispersion noted above, show distinctly the components of the doublet 
from Ca(20) to Mn(25). Resolution of Kas.; above the element Mn (25) was 
attempted with second order exposures, but a 22 hour exposure on Co(27) 
with 15 k.v. and 20 m.a. did not yield the resolution expected. The two values 
of Ka; and Ka, for Cu(29), Fig. 2, were taken from data obtained by Richt- 
myer and Taylor® on a double crystal x-ray spectrometer. It is seen that the 
two points thus determined fit the semi-Moseley diagrams plotted from the 
data of this survey. 

That the Ka; line consists of two components was first observed by Biick- 
lin* in the case of Si(14). Deodhar* confirms the doublet nature of Ka; for Si 
(16). However, the doublet structure of Ka; extends over more elements than 
reported by Biicklin and Deodhar. During this work, the complete resolution 
of Ka; into its components has been observed in five elements, from Al(13) 
to Cl(17). To show the components of Ka; for Al(13) it was necessary to take 
a spectrogram with a quartz crystal, for which the Bragg angle was 78°-**’. 
Although the value of Kas, reported in Table 1X, was obtained from a spec- 
trogram of Al, with a gypsum crystal, on which Ka; was not resolved into its 
components, the two points on the semi-Moseley diagram, Fig. 2, were calcu- 
lated from the separation of Ka; and Ka;’ on the Al-quartz plate. The com- 
ponents of Ka; for the elements Si(14), P(15) and S(16), are shown on the 
tracings of the microphotometer records of these plates, Fig. 1. 

Contrary to the observation of Deodhar,? on the Kay, line of Si(14), no 
indication of structure in this line was found on any spectrogram. Surely the 
aluminum spectrogram, with the quartz crystal, on which the Ka’, Ka,’ 
Ka; and Ka, lines were widely separated, should have put in evidence the 
components of Ka, if they could be resolved. However, no trace of structure 
was noted. 


* Richtmyer and Ramburg, Phys. Rev. 35, 661 (1930). 
* Richtmyer and Taylor, Phys. Rev. 36, 1044 (1930). 
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Microphotometer records, tracings of which are shown in Fig. 1, show a 
reversal in the relative intensities of Aa, and Ka, between the elements 
P(15) and S(16). For the elements Mg(12), Al(13), Si(4)1 and P(15) Kay is 
definitely more intense than Kay, although the difference decreases as the 
atomic number of the element increases. From S(16) to Mn(25), the range 
of elements for which Ka; and Ka, are resolved, Ka, is the more intense line. 
While it is known that chemical combination can produce changes in the 
relative intensity® of some lines, the reversal in the relative intensity of Ka, 
and Ka, is an atomic phenomenon; the reversal still exists if the spectrograms 
of elements, to be had only in the form of chemical compounds, are disre- 
garded. While the spectrograms of P(15) and S(16) were obtained from com- 
pounds of the elements, an examination of the calcium spectrogram, the next 
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Fig. 1. Tracings of micropiiuotometer records. 


element after Si(14) to be had in the pure state, shows the greater intensity 
of the Ka, line. 

The reversal in the relative intensity of the components of the Ka; _,doub- 
let is all the more significant when compared to the behavior of the com- 
ponents of the diagram doublet Ka, » in which the intensity ratio of the Ka, 
line to the Kay line is 2:1 for the whole range of elements over which measure- 
ments have been made. 

Tue Ka; AND Kag SATELLITES 
The Ka; and Kag satellites were detected and measured for only three 


elements Mg(12), Al(13) and Si(14). Hjalmar? reports a measurement on 


© Handbuch der Experimental Physik, p. 45. 
7 Hyalmar, Zeits. f. Physik, 1-2, 439 (1920). 
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Ka, tor S(16) and, recently Deodhar®? reports measurements on Aa; and 
Kag for P(15), S(16) and Cl(17). 


THe Ap, SATELLITE 

The 8, satellite, a very faint diffuse line, probably complex in structure, 
at least in the lower elements for which it can be found, was detected and 
measured in six elements, N(19) to Cr(24). This satellite is situated upon the 
long wave-length side of Ag; and, because of its faint diffuse character meas- 
urements are difficult. The accuracy with which its wave-length can be 
determined compares unfavorably with that of the other lines, probably 
reaching an error of three percent of the measured wave-length difference 
between Ag, and Ag,. Beuthe® has measured this line from Va(23) to Ge(32). 
The combined results of the two experiments give this satellite a range from 
K(19) to Ge( 32) 

THe AB’ SATELLITE 

The 8’-satellite, upon the long wave-length side and close to Ag, was 
detected and measured over the range of elements from Ca(20) to Ni(28 
The present work adds no element to this series, values of which are reported 
for the elements as low as Si (14), although no difficulty was experienced in 
verifying it. Dolejsek and Felcakova® present data to show that the Ag’ line 
is a complex line. For elements below Mn (25) these authors claim to have 
found that Ag’ consists of two unresolved doublets which in the case of the 
higher elements are superimposed. The appearance of the Ag’ line on the 
s,ectrograms obtained in the course of this work does not warrant agreement 
with this conclusion. However, densitometer records show that the intensity 
ratio Kp,: KB’ becomes greater for oxides than for free elements; hence, as 
oxides were used in the spectrograms of the elements Ca (20) and Se (21) and 
Ti (22), where the dispersion was greatest, it may be that the Kg’ lines were 
not heavy enough to bring out the structure. 


Tue B’’-SATELLITE 


The 8’’-satellite between KG, and KB. was measured from Cl (17) to Cr 
(24). These data add two more elements to the series as found by Druyves- 
teyn,'’’ v7g., the elements Cr(24) and Cl(17). Kawata," however, obtained 
this satellite on spectrograms from Fe(26) to Zn(30). Hjalmar™ reports a 
wave-length value of 4390.8 (x.u.) for the K@"’ line of Cl(17), while the chlo- 
rine spectrogram obtained during this work showed two lines of wave-length 
values 4390.8 and 4385.5 (x.u.). When the (Av/ R)'? values corresponding to 
these wave-lengths are added to the semi-Moseley diagrams it is the 4385.5 
value which falls on the graph of the KB8”’ series. The 4390.8 line belongs to a 


§ Beuthe, Zeits. f. Physik, 60, 603 (1929). 

® Dolejsek and Felcakova, Nature 123, 412 (1929). 
‘0 Druyvesteyn, Zeits. f. Physik 43, 707 (1927). 

"' Kawata, Mem. Kyoto Imp. Univ. Al3, No. 6, 1930. 
® Hyjalmar, Zeits. f. Physik 7, 341 (1921). 
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series, here called KB, which apparently starts at Ca(20) and extends down- 
ward. The combined results of all measurements on the K8’’ lines give it a 


range from Cl(17) to Zn(30), with the exception of Mn(25). 


Tue B’’’-SATELLITE 


The 8’"-satellite upon the short wave-length side and close to KB; was 
measured over the elements Cl(17) to Co(27). Kawata'! measured this line 
for the element Ni(28). Beuthe*® measured a line which he called K@, for 
several of the elements from Va(23) to Y(39). The values which he reports for 
Kp, from Va(23) to Ni(28) coincide with other reported values of KB8'’’ so it 


sre 


has been assumed that KG extends to Y(39). However, the points above 
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Fig. 2. The semi-Moseley diagrams of all the A-satellites referred to Kay. 


Cu(29) may constituted a new series since the line in this range of elements 
appears on the long wave-length side of K®.. Moreover, the semi-Moseley 
diagram of the points above Cu(29) has a different slope from the semi-Mose- 
ley graph of the points below Cu(29). 


Tue B!Y-SATELLITE 


This new line was found on the spectrograms of Ca(20), Se(21) and K(19), 
all of which were run with compounds of the elements on the focal spot. Al- 
though chemical combination throws some doubt upon the validity of this 
series it presents the same behavior as all the 8-satellites. See Fig. 2. 
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THe BY-SATELLITE 


While this satellite has been measured on only three spectrograms, its 
semi-Moseley diagram gives it the behavior of the other @-satellites. Again, 
the factor of chemical combination may be argued against its validity, but a 
recent spectrogram of pure Si(14), not included in the present work, shows 
both Ke’’ and Kg’. The fact that Ag’, when it first appears in calcium, is 
more intense than Ap’’ is against the view that it should be regarded as a 
component of AB’’. 

Discussion OF RESULTS 

In an experimental survey, it would take us too far afield to analyze the 
various theories which have been proposed for the origin of the satellite lines. 
However, the following references to some of the principal papers will furnish 
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Fig. 3. The semi-Moseley diagrams of the 8-satellites referred to Ag,. 


a guide to the literature. The relation which, perhaps, correlates more experi- 
mental data than any other is that of the linearality'’’ of the semi-Moseley 
diagrams. All the a-satellites, at least qualitatively, obey this law if Ka, or 
Kaz is taken to be the parent line. It makes little difference whether Ka; or 

13 Wentzel, Ann d. Physik 66, 437 (1921); Coster, Phil. Mag. 43, 1088 (1922); Coster, 
Phil. Mag. 43, 1105 (1922); Coster and Druyvesteyn, Zeits. f. Physik 40, 765 (1927); Druy- 
vesteyn, Zeits. f. Physik 43, 707 (1927); Druyvesteyn, Dissertation, Groningen; Richtmyer, 
J. F. Inst., 208, 325 (1929); Beuthe, Zeits. f. Physik 60, 603 (1930); Deodhar, Proc. Roy. Soc. 
A131, 476 (1931). 
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Kay is chosen for the reference line; from the experimental standpoint, the 
probable error in the comparator reading between the satellites and Kay 
seem a little less than the p.e. when Ka; is made the reference line. On the 
other hand the 8-satellites, when referred to A6,, about which they cluster, 
present poor agreement with the linear relation. Fig. 3 shows the appearance 
of the semi-Moseley diagrams of the 6-satellites when referred to Kp). 

Deodhar,'’® seeking for a reference line which would give a better linear 
relation, found the desired improvement in the semi-Moseley diagrams of the 
Kpe’''’, KB; and KB, lines by referring them to the Kg, line. A theoretical 
basis for thls mode of representation can be found in an extension of the 
double electron transition hypothesis, which, as first proposed by Richt- 
'S was limited to the simultaneous transitions of two electrons, one 
between inner levels, and the other between peripheral levels, to include the 
possibility of both transitions among the inner levels. Beuthe’s'™ suggestion, 
which is qualitatively correct, that the frequency of K@’’’ derives from the 
addition of the frequencies of Ka; and Lay, is a specific statement of this ex- 
tension, 


myer, 


The fact that Kas serves for a reference line for the 8-satellites, as well 
if not better than Ka,, throws doubt upon the physical significance of this 
mode of representation. A recent paper by Hirsh" shows that the improved 
linearality in the semi-Moseley diagrams of K8’’’, Kg; and Kg, may result 
from the fact that the (Av, R)'*, with Ka; as the reference. line, are larger 
than the (Av, R)'* values with Kp, as the parent line. However, the improve- 
ment in the semi-Moseley diagrams of the @-satellites is not limited to the 
lines selected by Deodhar, but extends to all the @-satellites. 

Regardless of the physical significance which may be attached to the 
various modes of representation, the semi-Moseley diagrams referred to 
Kaz are of great value in the experimental study and classification of the sat- 
ellite lines. Two points, already mentioned, serve to illustrate this advantage. 
(1) Since each satellite series is characterized by a definite slope, the break 
which occurs in the KB’’’ series at the element Ni(28) is indicative of two 
separate series. This observation is also confirmed by the fact that Ae’’’, 
from Ni(28) to Mg(12), appears on the long wave-length side of Ag. while 
the Ap, line, measured by Beuthe™ from Zn(30) to ¥(39), appears on the 
short wave-length side of Kg. The assumption that the Kp, line of Beuthe is 
an extension of K3’’’ into the higher elements may be wrong, and any critical 
examination of the origin of the Kg’’’ line should be limited to the points 
below Cu(29). (2) The two lines, 4390.8 and 4385.5 (x.u.) of Cl(17) are deti- 
nitely classified by the two semi-Moseley diagrams to which they belong. 


, 


“ Hirsh, Phys. Rev. 40, 151 (1932). 
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Series and Term Values in the Arc Spectrum of Tellurium 


By J. E. Ruepy 
Cornell University 
(Received July 21, 1932) 

Tellurium was excited in an electrodeless discharge tube in such a manner that 
the are lines could be distinguished from the spark. The spectrum was photographed 
in the visible and infrared, and series were found corresponding to those given in 
Fowler's Report on Series in Line Spectra for the first three elements of the oxygen 
group. From the limit thus established, which is the lowest level of Te I] (5p*:*S,2), 
term values are given down to the lowest level of Te I (5p':'P.). The ionizing potential 
is found to be 72,667 cm or 8.96 volts. A list of the wave-lengths of all the stronger 


lines, in addition to those classified, is given. 


HILE continuing the work on selenium,' using an electrodeless discharge 

tube, it was found that conditions could be obtained which gave an ap- 
parently perfect differentiation between are and spark lines, and there seemed 
to be no reason why the method could not be applied with equal success to the 
study of the tellurium arc spectrum, for which no analysis had ever been made 
in the long wave-length region. 

Such was found to be the case. 

APPARATUS AND PROCEDURE 

A cylindrical fused quartz tube 8’’X 1-3/4’, with plane windows on the 
ends, was pumped to as low a pressure as possible (about 10°° mm Hg) and 
baked at 550°C for two hours. Some tellurium was then slid in from the side 
tube, through which the exhaustion was taking place, which had been outside 
the oven during the baking process, and was vaporized with a bunsen flame, 
being allowed to recondense on cool parts of the tube. This was done several 
times and the tube sealed oft. 

A silver ribbon (it must be a material which will stand a temperature of 
500°) was wound around the tube and the whole mounted in an electric oven, 
with windows opposite the ends of the tube. The terminals of the silver coil 
were connected to a condenser through a spark gap. A 5 k.v.a., 100 k.v. trans- 
former supplied the power. A thermometer was placed in the oven with its 
bulb touching the tube in its cooler region (as shown by condensation of 
tellurium). 

When at room temperature, the tube might be made to flash a few times 
by turning on the power, but it was generally black. As the temperature was 
raised, a steady discharge would begin at about 340° and continue as a bright 
ring type to about 470°, where there was a sudden change to a dull bluish 
glow throughout the whole tube, sometimes with bright scintillations scat- 
tered through it with more or less axial symmetry. 

Numerous photographs were taken under various conditions of tempera- 
ture and electrical circuit, and widely varying types of spectra were produced. 


1R.C. Gibbs and J. E. Ruedy, Phys. Rev. 40, 204 (1932). 
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Spark lines were the easiest to obtain and were always present, except per- 
haps in the high temperature stage, where nothing but more or less continu- 
ous band structure could be made out. Some beautiful bands were obtained 
once in the region 5500. In general, as the temperature was being raised 
from 340° to 470°, the arc lines would increase and the spark lines decrease in 
intensity. 

The circuit finally adopted was an oil condenser of 0.003 mf. capacity, a 
spark gap of 3 8’’ between brass rods mounted in a glass tube through which 
air was blown transversely, and 15 turns of 1/4'°X1/>32” ribbon, spaced 
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1 8’’, around the tube. The procedure was to take one exposure at about 370° 
and another beside it on the plate, of equal length, at about 470°, with the 
iron comparison spectrum next to it. A Zeiss 3-prism spectrograph was used 
for all pictures, and an image of the bright ring in the discharge tube was 
focused on the slit in such a manner that the outer edge just overlapped the 
comparison prism. The different parts of the length of a spectrum line on the 
plate show the radiation coming from regions of different distance from the 
axis of the tube. The photographic plate was so diaphragmed that the length 
of a line would just cover the region from the center of the tube to one edge. 
Fig. 1 is an enlargement of such a plate. Due to the curvature of the lines 
and the shifting of the plate holder, the tops of the 470° lines do not match 
up with the bottoms of the 370° lines, but under a comparator this causes no 
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difficulty. Most of the stronger lines, of whose which are intensified at the 
higher temperature, have been classified and definitely belong to the tellur- 
ium are spectrum. The first members of the triplet and quintet series of OJ, 
and also //a@ are present and behave similarly to the tellurium arc lines. 
Mercury is also weakly present as an impurity, but the intensity of its lines 
is somewhat diminished at the higher temperature. 

The spectrum was photographed from 43750 to 11,287, but very few are 
lines were found below A5000, and careful measurement was not made in that 
region. Four types of Eastman plates were used. They were: hypersensitive 
panchromatic, A5000—AG6680; infrared sensitive N, AG6O80—8050; infrared 
sensitive A, A8050—-A9080; infrared sensitive B, AVO8O—A11,287. The max- 
imum length of exposure was seven hours in the longest wave-length region, 
though the crucial lines at \9700 and A10,000 were obtained in a few minutes. 
The new region opened to photography by the recent infrared B_ plates 
was lacking in standards, but Dr. Meggers of the Bureau of Standards, kindly 
supplied a list of iron wave-lengths up to 410,500, and the mercury line at 
A11,287 was used beyond that. 

The dispersion varied from 12A per mm at A5000 to 135A per mm at 
A11,000. Wave-lengths were calculated using the Hartman formula, the en- 
tire region of sensitivity of each plate being covered at once, and a correction 
curve of intermediate iron standards plotted. No deviation greater than 1A 
was found, except for the range \9000 to A11,287, where it was as large as 4. 
The calculations thus could be corrected to at least the accuracy of the set- 
tings on the lines. Throughout the entire region the accuracy of the measure- 
ments should be about one frequency number. 


RESULTS 


The lines of tellurium, analogous to those in oxygen, sulfur, and selenium, 
observed and classified by Runge and Paschen? in 1897, and listed in Fowler's 
Report have never been observed. By extrapolation from this known group, 
the positions of the tellurium lines can be roughly predicted. The only wave- 
lengths published for that region® are almost meaningless. The present work 
indicates about 180 lines as belonging to the are spectrum of tellurium be- 
tween A5000 and A11,100. Some 60 of these have been classified and are shown 
in Table I, the arrangement of which has been made similar to the tabulations 
in Fowler. In both the triplet and quintet diffuse series the lines are generally 
obviously multiple and the wave-lengths hence inexact. Within the limits of 
this inexactness, both series are nearly Rydbergian, but the limits thus deter- 
mined are necessarily uncertain. In the case of the quintet sharp series, the 
lines are sharp and the separations consistent. (The absence of one of the lines 
in the second member is due to a strong spark line falling exactly where it 
should be.) A Hicks formula was adjusted to fit the °P2—°*S. frequencies for 
n=9, 10, and 11, 


* C, Runge and F. Paschen, Astrophys. J. 8, 70 (1898). 
* J.C. McLennan, H. G. Smith, and C. S. Peters, Trans. Roy. Soc. Canada 19, 39 (1925). 
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in Which the number 18,475.9 is the limit. For 7 =8, the frequency calculated 
was 52.2 larger than the observed value. Doing precisely the same for the cor- 
responding lines of selenium, the limit obtained was 10 greater than that 
established by more accurate means, and the frequency calculated for the 
transition from the next lower term was 51.2 larger than the observed value. 
Krom this similarity it seems that the limit of the tellurium series should be 
18,466, which is not at variance with the roughly obtained limit of the 
quintet diffuse series. McLennan, McLay, and McLeod? have established the 
separation of the 6s°S:, and the 6s°S, terms through observations in the 
ultraviolet, and it is by this means that the triplet principle and diffuse series 
are brought into the term scheme, rather than by the use of a limit of uncer- 
tain accuracy, which, however, agrees well enough with the limit thus in- 
directly set. Table II gives the terms so far identified, including those of Mc- 
Lennan,‘ and also indicates those to be expected, which go to the ?) and ?P 
limits. Doubtless some of the 120 remaining unclassified lines are transitions 
involving these terms, but none of them has been identified in sulfur or sele- 
nium, and it is a long way to extrapolate from oxygen. The ultraviolet wave- 
lengths given by McLennan, and by LaCroute® might be expectea to be of 
assistance here, but nothing conclusive has been found, and another in- 
vestigation of this region is proposed before further analysis is attempted. 
Table III gives the wave-lengths, in order, of all the classified lines, and the 
stronger of the unclassified ones which are thought to belong to the tellurium 
are spectrum. All the terms listed under “Transition” are built on the *S 
limit. Intensities are comparable only over short wave-length ranges. 

The separations of the 6p°Py.23 levels show considerable departure from 
LS coupling, while those of the 6f*Poi2 are extremely irregular. The partially 
resolved °D terms seem to show little uniformity as they approach their 
limit, which was likewise the case in selenium. It would be interesting to 
examine these more closely, but no instrument of sufficient resolving power 
was available at the time this research was in progress, to make the attempt 
worth while. 

The absence of any triplet series in Runge and Paschen’s? observations on 
sulfur and selenium (the terms listed as triplets in Fowler's Report are the 
quintets) would lead one to expect them to be weak in tellurium, whereas they 
are nearly as strong as the quintets. The possibility that the series here listed 
as *P—8D going to the 4S limit, is a series going to one of the doublet limits, 
seems to be ruled out by the narrowness of the separation of the terms, if for 
no other reason. 

The second members of both the triplet and quintet principal series were 
chosen because they were the only lines on the plate in the expected regions. 

With the quite complete analysis of the oxygen spectrum’ as a starting 


4 J.C. McLennan, A. B. McLay, and J. H. McLeod, Phil. Mag. 4, 486 (1927). 

6 J.C. McLennan and M. F. Crawford, Nature 124, 874 (1929). 

®° M. P. LaCroute, Jour. Phys. Rad. 9, 182 (1928). 

7 R,. Frerichs, Phys. Rev. 34, 1239 (1929); and Phys. Rev. 36, 398 (1930). J. J. Hopfield, 
Phys. Rev. 37, 160 (1931). 
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Taser ITT. 
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point, it should be possible to carry on a simultaneous investigation of the 
other three elements of the group with a much increased effectiveness over an 
attack on one alone, and such a procedure is now contemplated. 

Valuable advice and assistance were rendered during the course of this in- 
vestigation by Professor R. C. Gibbs and Dr. C. W. Gartlein, for which the 
author wishes to express his thanks. 
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The Resonance Fluorescence of Benzene 


By G. B. Kistiakowsky AND M. NELLEs! 
Department of Chemistry, Harvard University 


(Received July 18, 1932) 


The fluorescence of benzene vapor has been studied at pressures varying from 25 
to 0.01 mm mercury using, as a monochromatic excitation source, the 2536A mercury 
line. At the lowest investigated pressures the emission spectrum consists of several 
narrow line groups. Their spacing shows that emission occurs in transitions from a 
definite vibrational level of the excited state to various vibrational levels of the nor- 
mal state. The following vibrational frequencies of the normal benzene molecule have 
been identified: 160, 793 (uncertain), 988, 1200, 1354, 1663 and 3139 cm. The fine 
structure of the line groups has not been fully resolved. They appear to consist each of 
two strong lines with several weaker ones grouped around them. The ordinary, high 
pressure, fluorescence of benzene vapor is interpreted as being due to transitions 
trom the lowest vibrational level of the excited state (or states). This level is reached 
by molecules as the result of inelastic collisions upon excitation. An apparently con- 
tinuous emission present at the long wave-length end of the fluorescence spectrum at 
higher vapor pressures is attributed to two causes, decreased intensity of bands heads 
owing to an increased moment of inertia of the molecule in higher vibrational levels of 
the normal state, and a crowding of vibrational levels when the total vibrational 
energy is large. This conclusion is supported by observations of the fluorescence of 
toluene, which appears to be almost wholly continuous. 


HE ultraviolet spectrum of benzene has attracted the attention of many 

investigators. Among the more recent studies should be mentioned those 
of Henri,? Pringsheim,’ Shapiro, Gibbs and Johnson‘ on the absorption of the 
vapor, of Kronenberger® on the absorption and fluorescence of the solid at 
low temperatures, of Pringsheim and Reiman’ on the fluorescence of the va- 
por and of McVicker, Marsh and Stewart’ and of Austin and Black® on the 
high-frequency emission spectrum of benzene. Although notable success has 
been achieved by these workers in the interpretation of the ultraviolet bands 
of benzene, the analysis is still far from complete and certain. 

The first absorption bands of the vapor set in at about 2742A and extend 
into the ultraviolet with increasing intensity. The beginning of the spectrum, 
at least, consists of clearly distinguishable band groups about 920 cm! 
apart. The closely spaced bands within each group are shaded to the red. 
The intensity within each group also falls off to the red. Below 2200A the 
bands become diffuse, predissociation setting in.* 

1M. Nelles, Charles A. Coftin Fellow. 

2 Henri, Structure des Molecules, Herman, Paris (1925). 

* Pringsheim, Fluoreszenz und Phosphoreszenz, Springer, Berlin (1928). 

‘ Shapiro, Gibbs, and Johnson, Phys. Rev. 38, 1170 (1931). 

» Kronenberger, Zeits. f. Physik 40, 75 (1927); 63, 494 (1930). 

® Pringsheim and Reimann, Zeits. f. Physik 29, 115 (1924); Ann. d. Physik 80, 43 (1926) 

7 MecVicker, Marsh and Stewart, J. Chem. Soc. 123, 642 (1923). 

* Austin and Black, Phys. Rev. 35,452 (1930), 
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It seems to be the consensus of opinion now that the major part of the 
spectrum can be represented by equations involving two upper electronic 
levels and several vibrational frequencies, of which one is about 920 cm~', 
and the other, 160 cm-'. Although the equations proposed are essentially 
similar, they differ in many details. Shapiro and co-workers brought forward 
strong evidence that the 160 cm=! frequeney belongs to the normal state. 
This will probably necessitate some revision of earlier interpretations because 
Kronenberger finds a 160 cm ! frequency to be present in absorption of the 
solid at 14°K. If his data can be applied to the vapor, it follows that both 
the normal and the excited electronic levels possess nearly the same vibra- 
tional frequency, a circumstance not considered in the above-mentioned ega- 
tions. 

The fluorescence spectrum of benzene extends from about 2600A to the 
red. It is quite similar to the absorption spectrum, consisting also of band 
groups, but separated now by 980 cm |. Pringsheim and Reimann?’ describe 
the bands within each group by means of two progressions, each involving 
the 160 cm~! frequency and being displaced one against the other by 83 cm *. 
Austin and Black* require six separate equations involving altogether five 
vibrational frequencies, a number so large as to be meaningless, to describe 
some hundred band heads found in emission in high-frequency discharge, a 
spectrum very similar to fluorescence. 

Most of the work on the fluorescence of benzene has been done at rv la- 
tively high pressures. Under these conditions the spectrum emitted is quite 
independent of the source of excitation. Pringsheim and Reimann’ reported, 
however, that at 0.3 mm vapor pressure with illumination by the 253¢A 
mercury line, a fluorescence spectrum is obtained which differs somewhat 
from that at higher pressures and polychromatic illumination. On the basis 
of this work, it seemed likely that, by using a monochromatic source of ex- 
citation and vapor pressures so low as to minimize the effect of inelastic col- 
lisions, one might obtain considerably simplified emission spectrum which 
would throw further light on the structure of benzene. 


EXPERIMENTAL DETAILS 


For these experiments a very intense source of monochromatic illumina- 
tion was needed, the fluorescence of benzene being not strong even at high 
pressures. Use was made of the strong emission of the 2536A line by the low 
pressure mercury arcs. Fig. 1 shows the arrangement adopted, which is 
merely a suitable modification of variously described® controlled-vapor- 
pressure mercury arcs. The lower vertical part of the lamp is immersed in 
cold running water (15°C) and the arc is struck, by the application of a spark 
coil, between the mercury electrode A and a molybdenum electrode B. A 
metal disk C deflects mercury vapor to the cooled glass walls. The lamp is 
continuously evacuated by a fast diffusion pump. The current was usually 
kept at 25 amp., the potential drop being about 30 volts. The lamp ran very 
steadily on 110 volts d.c. Two quartz tubes, D and E, are mounted coaxically 


‘Taylor and Bates, Proc. Nat. Acad. Sci. 12, 692 (1926). 
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in the lamp. The De Khotinsky seals are indicated in Fig. 1 by the letter K 
while P is a somewhat flexible joint made of asbestos rope soaked in picein 
cement, the whole being covered by rubber. Benzene vapor flows very rapidly 
through the inner tube £. It is generated in a flask in which solid benzene is 
maintained at a constant temperature and is condensed, after passing E, in 
a liquid air trap followed by a pump. Through the annular space between the 
quartz tubings is passed either water or a 5 molal solution of acetic acid. The 
latter acts not only as a cooling agent but also as a light filter, the 2 mm 
laver of its absorbing all wave-lengths transmitted by quartz but shorter 
than 2400A. The 2536A line is absorbed by this solution only very slightly. 
Longer wave-lengths than this, besides being weak in a lamp of the present 
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Fig. 1. The light source. 


type are too feebly absorbed by dilute benzene vapor to contribute materi- 
ally to excitation. Thus an almost monochromatic source of excitation is 
obtained, of intensity sufficient to produce a strong image of the fluorescence 
of benzene vapor at 25 mm pressure in one minute. With benzene at 0.01 mm 
pressure, exposures of ten hours’ duration were required to obtain workable 
plates. A quartz Hilger E1 (Littrow) spectrograph was used throughout this 
work. The wave-length determinations were made in the usual way with an 
iron are for the comparison spectrum. 

Some decomposition of benzene occurred on illumination, particularly 
when water and not acetic acid was used as the cooling agent. The decom- 
position products settled on the walls of tube - and made them opaque to 
mercury radiation. It was necessary, therefore, during protracted runs, to 
remove and clean this tube occasionally. 


RESULTS 


Benzene fluorescence was studied at vapor pressures varying from 25 to 
0.01 mm mercury. In this range no difference could be noticed between the 
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photographs obtained with water as the cooling agent and those for which 
the acetic acid light filter was used. This shows that in a lamp of the described 
type only the 2536A line contributes materially to fluorescence. The spectrum 
emitted at pressures above about 1 mm is practically independent of pressure 
and, as our measurements indicate, is identical with that described by other 
workers. Fig. 2, curve 2, reproduces a microphotometer record of the short 
wave-length half of it. Two complete band groups and the beginning of a 
third can be seen on the figure. One progression in each group is marked by 
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Fig. 2. Microphotometer records of fluorescence spectra. I. Benzene at low pressures. II. 


Benzene at high pressures. III. Toluene. 


the figures 0, 1, 2 with subscripts. The entire spectrum on the plates obtained 
shows four such groups. They become weaker and less distinct towards the 
red. 

Below 1 mm pressure the appearance of the emission spectrum gradually 
changes. At about 0.1 mm the band heads nearly disappear and the spectrum 
consists of numerous unresolved line groups, of which more than two hundred 
have been measured between 38,400 and 34,500 cm‘. As the following will 
show, this spectrum represents the transition to the real resonance fluores- 
cence. It does not show obvious regularities except some which are similar 
to the high pressure fluorescence and the recording here of our measurements 
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Taper LL. /aisston lines in resonance fluorescence. 

(air) cm! I | d (air) em! I 
2588 67 386018 .4 1 | 2742.29 364551 5 
2000.31 444.0 Od 43.26 442.2 5 

01.56 427.0 1 44.04 431.8 ldd 

01.96 $21.1 1 | 44.77 422.2 dd 

03.15 403.5 0 56.13 272.1 3 

12.00 273.4 0 | 58.02 247.2 Od 

12.98 258.5 1 | 58.73 237.9 Od 

15.23 226.1 10 | 67 .44 123.8 Od 

16.01 214.7 3d 68 .99 103.6 0 

16.49 207.5 3d 72.92 052.4 Od 

17.25 196.6 10 | 73.07 042.7 Od 

18.54 177.8 3d 77.02 35999 8 0 

18.96 172.7 2d 77.71 990 .3 0 

23.70 101.9 ld 78.4060 980.5 0 

24.48 091.4 Od 79.26 970.2 1 

20.29 065 .2 3 $1.61 939.8 0 

27.46 048.2 2d 83.33 917.5 Od 

28.13 038.5 Od 84.78 898.9 Od 

29.86 013.5 0 85.00 888.3 Od 

30.18 008 .9 0 | 2813.52 532.2 Od 

47.55 37759.5 1 14.83 515.7 0 

49.11 re fe ld | 15.65 505.3 0 

67.17 481.8 0 | 16.21 498.3 Od 

07.02 475.5 Od 10.91 489.5 0 

68 .09 408.6 Od 18.39 470.8 2 

70.10 440.7 3 19.58 455.9 ? 

70.77 431.3 3 20.42 455.8 0 

81.29 284.4 1 at ..a0 433.0 Od 

82.96 201.2 ld 22.16 423.4 Od 

80.13 247.2 2d 28.99 337.9 0 

87.67 195.9 ld 29.84 327.3 Od 

88.25 187.9 Od 31.58 305.6 Od 

93.57 114.4 Odd 32.51 294.0 1 

95.21 091.9 1d | 35.35 258.6 1 

96.50 O74.1 1d 36.13 249.0 Od 

97 .33 062.8 Od | 36.97 238.5 0 
2703.28 36981 .0 ) | 37.86 227.5 Od 

03.77 974.4 Id | 39.08 212.3 Odd 

04.26 907.7 ld 40.63 193.1 Odd 

06.08 934.1 0 44.31 147.6 0 

09.66 894.1 Id 89.17 34001 .9 Od 

10.27 885.8 Od 90.17 589.9 Od 

11.41 870.3 ld 91.31 576.3 Od 

14.13 833.3 Odd 97.10 507 .4 Od 

14.82 824.0 Od 98.70 488.1 1 

21.11 738.8 Od 2900.13 471.1 1 

21.93 727.8 1 12.76 321.7 Od 

23.62 705.0 Id 21.01 224.7 Od 

24.32 095 .5 Od 21.84 215.0 Od 

25.96 673.5 Od 22.62 205 .9 Od 

26.98 659.8 Od 24.08 188.8 0 

27.67 650.5 Od 25.69 170.0 Od 

; 28.37 641.1 Od 3001.80 33303 .7 0 
36.18 530.5 1 04.75 271.0 Od 
38.53 505.2 1 06.83 248.0 Odd 
39.62 490.6 0 08.20 232.8 Od 
40.88 473.8 2 09 .47 218.8 Od 
will be omitted since not much significance can be attached to them at the 
present time. 

Still further pressure decrease produces a considerable simplification of 
the spectrum through a gradual disappearance of the majority of lines and 
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the enhancement of the others. Table | gives the results of measurements on 
plates taken at 0.0L mm benzene vapor pressure. The accuracy of these wave- 
length determinations is rather low, an error of +1 ¢m =! or even more being 
probable for most of the lines. This is due to the diffuseness of the lines and 
lack of contrast owing to a continuous background coming from the light 
source. Fig. 2, curve 1, gives the microphotometer record of the short wave- 
length part of this spectrum. It shows that the stronger emission lines form 
a system of doublets, several weaker lines being usually grouped around each 
of these. The whole resembles the well-known resonance fluorescence of iodine 
vapor discovered by Wood more than twenty vears ago. Indeed, it can be 
interpreted on essentially the same basis, as representing transitions from a 
certain vibrational level attained on absorption of the 2536A line to different 
Vibrational levels of the normal molecule. However, several modes of vibra- 
tion being possible in benzene molecules, more than one progression of doub- 
lets is observed. As the following Table II shows, several vibrational fre- 


TABLE IL. Vrhratronal frequencies in resonance fluorescence. 


Separation from Doublet 
Line group the exciting Ar A? separation Intensity 
line, cm"! cm"! em! cm"! 

F, 792.6 792.6 1 

Ay 987.0 987.0 5.9 1 
+ 1.0 

Ay 1975.0 988 .0 9.4 3 
— 0.6 

A, 2962.4 987.4 12.9 5 
= 2.2 

Ay 3947 .6 985 .2 14.9 2 
— 1.4 

A; 4931.4 983.8 17.0 1 

B, 1199.6 1199.6 29.5 10 

C; 1354.3 1354.3 17.0 3 
—14.0 

C2 2094.6 1340.3 22.8 1 

dD, 1662.6 1602.6 2 1 
—27.9 

dD, 3297 .0 1634.7 20.2 0 

ky 3138.9 3138.9 ? 3 
a 

FE, (?) 6185.2 3046.3 14.0 0 

A'+G 1145.0 158.0 14.9 2 

2 3.2 2 


‘lA: +G 2138.2 


163. 


quencies can be identified with more or less certainty. This table presents 
in successive columns: (1) the assignment of the line group (2) the frequency 
separation of the center of the doublet from the exciting line (2536.6A) or, 
when the line group does not appear as a doublet the separation of its center 
of density ; (3) the separation from the preceding line group of the same series; 
(4) the second frequency difference; (5) the doublet separation; (6) the inten- 
sity of the doublet lines. Table III compares the frequencies here obtained 
with some of those known from Raman spectra and from the infrared bands 
of benzene.” The correspondence is, on the whole, very good, since the 160 
cm”! frequency can be interpreted as the fundamental of the infrared band 
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Tas_e ILL. Comparison of fluorescence, Raman and infrared frequencies. 


Fluorescence Raman lines Infrared bands 


ecm! cm! cm! 
160 
310 
442 
515 
005 
793 
849 
988 991 
1200 1178 1235 
1354 - 1316 
1583 - 
1603 1005 
2947 
3047 3030 
3000 
3139 3164 
3184 


at 310 cm -', while the 791 em™! frequency is very doubtful anyway on ac- 
count of the faintness of the single line observed there. It should be pointed 
out that in accordance with selection rules holding for electronic transitions, 
both Raman and infrared frequencies may appear in fluorescence. The numer- 
ical agreement of fluorescence data with the data from other sources is not as 
good as the probable errors of these measurements would seem to indicate. 
Part of this, at least, should be attributed to an error arising from the use here 
of the center of the doublets for the determination of the frequencies. Another 
reason why the data cannot be strictly compared is that liquid benzene is 
usually used for the infrared and Raman spectra, whereas the fluorescence 
was obtained with benzene vapor. 

In addition to the line groups recorded in Table II, the plates show some 
diffuse groups which can be identified on the microphotometer record be- 
tween the mercury lines 2753 and 2699A. Using some imagination one can 
assign these groups to additional frequencies of benzene or to combinations 
of those already described. This assignment is highly uncertain in view of the 
diffuse nature of the groups and it is omitted here. The possibility also exists 
that these groups are the last remnants of the high pressure fluorescence and 
will disappear on further lowering of benzene vapor pressure. Further work 
now being undertaken will probably settle this point. 

The fine structure of the line groups observed in low pressure fluorescence 
can be, at least partially, understood from the point of view here developed. 
In the absence of any information to the contrary one might assume that the 
benzene molecule behaves as a symmetric top not only in the lower but also 
in the upper electronic levels. For this case it has been shown" that, if j is 
the quantum number of the total angular momentum, while & is that of the 
rotation around the axis of symmetry, the following rotational transitions 


” K.W.F. Kohlrausch, Der Smekal-Raman Effekt, Springer, Perlin (1931). 
" Dennison, Rev. Mod. Phys. 3, 280 (1931). 
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take place depending on whether the bands are of the parallel or the per- 
pendicular type: 


parallel perpendicular 
s-4s > 9” j-j+t ged 
y Pare \ 
k lay } k iil lt k callie >) 
pmg=- jajo i pmago~ f° 


For larger values of & the transitions marked by a star are the ones with the 
greatest a prior’ probability. Now, the 2536A mercury line happens to fall 
near the tail of a benzene band in the third band group of the absorption 
spectrum. This makes it probable that the molecules participating in the ab- 
sorption process have a large value of & and therefore, irrespective of whether 
the bands are of the parallel or of the perpendicular type, one should expect 
in emission two strong and some weaker lines. The existence of the hypertine 
structure in the 2536A line makes it probable that more than one rotational 
level of the upper electronic state is reached on absorption. This may ac- 
count for the diffuseness of the emission lines. The feature which remain 
unexplained is the variation in the separation of the doublet components which 
is very regular in the long 4 progression of doublets and is quite beyond a 
possible experimental error. It increases with increasing vibrational quantum 
numbers, whereas it would be expected to decrease, if the explanation given 
above ts right. 

It throws considerable doubt on the correctness of the whole interpreta- 
tion as given above. Professor G. H. Dieke pointed out to us in a personal 
discussion that the two components of each doublet may represent inde- 
pendent but degenerate vibrations and that the increase in the doublet sepa- 
ration is due to a gradual removal of the degeneracy in higher vibrational 
quantum levels. 

The information presented on the preceding pages together with the ear- 
lier known facts allows some conclusions to be drawn concerning the high 
pressure fluorescence, or at least, that part of it which consists of the band 
groups 0, 1, 2, etc. Its independence of the exciting source suggests immedi- 
ately that at Liglher pressures benzene molecules lose the vibrational part of 
their excitation energy in inelastic collisions prior to light emission. The tran- 
sitions giving rise to fluorescence occur therefore from the lowest level of the 
electronic state or states. The latter is more probable because the 83 cm™' 
separation, found in the high pressure band groups, does not appear in reso- 
nance fluorescence. It should therefore be attributed to the existence of two 
upper electronic levels, both of which are reached by molecules upon inelastic 
collisions. This interpretation of the ordinary fluorescence finds further sup- 
port in the fact that the first absorption band group coincides with the first, 
“(),” group of fluorescence. They differ only in that the intensity of the differ- 
ent bands within the group falls off more rapidly towards the red (that is, with 
increasing quantum number of the 160 cm~! frequency) in absorption than 
in emission, This fact is readily understood if the 160 cm~! frequency is at- 
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tributed to the normal electronic state, as suggested by Shapiro. A point of 
difference between the resonance and the high pressure fluorescence is that 
in the short wave-length part of the latter only two frequencies, 920 and 160 
cm”! make their appearance. This might be attributed to particular transition 
probabilities characterizing the lowest level of the excited electronic states. 
An analogy to this is found in observations made with the absorption spec- 
trum. Transitions from the nonvibrating level of the normal electronic state 
show also only one, the 920 cm™, frequency of the excited state. This holds, 
at any rate, for the longer wave-length part of the absorption spectrum, 
where the total vibrational energy of the molecule is small. 

The structure of the fluorescence spectrum at vapor pressures in the 
neighborhood of 0.1 mm indicates that vibrational energy is much more 
readily exchanged on collisions than is rotational energy. Thus, here the 
bands, with their characteristic heads, are as yet undeveloped, but groups 
of lines are present throughout the spectral region in which these bands are 
located at higher pressures. The persistence of fluorescence even at atmc¢s- 
pheric pressure or in the liquid state shows further that the benzene mole- 
cules are relatively stable against the loss of electronic energy on collisions. 
This is undoubtedly related to the exceptional sharpness of the absorption 
bands of benzene in the liquid state.” 

Recently Almasy™ in a short notice suggested that a predissociation oc- 
curs in the final state of the fluorescence transitions. He brings forward this 
suggestion to account for continuous emission, observed by him, which ex- 
tends from 2670A to longer wave-lengths when benzene vapor is excited by 
the 2536A mercury line. The experiments here recorded lead us to disagree 
with Almasy both in matter of fact and in the conclusion. The emission at 
low pressures has been found to be wholly discontinuous. The plates, it is 
true, show a continuum extending from about 2650 to 3200A with a maxi- 
mum at 3000A. However, several tests, made under conditions identical with 
the fluorescence experiments in every respect except that benzene vapor was 
absent from the inner quartz tube, showed conclusively that the entire con- 
tinuum is due to scattered light from the light source. Only at high pressures 
of benzene vapor can the long wave-length end of the spectrum be described 
as continuous. The interpretation of Almasy, when applied to this continuum, 
meets, however, grave difficulties. The continuum starts at about 2800 and 
ends at 3200A. Thus, the energy left in the molecules after emission of radia- 
tion is less than one electron volt, even granting that the continuum is due to 
direct transitions from the excited level reached on absorption of the 2536A 
line. If, however, the molecules lose first some energy on collisions, as sug- 
gested on the preceding pages, the energy remaining upon emission of radia- 
tion is still less and does not exceed 0.5 electron volts. Predissociation has 
by now been definitely interpreted as due to radiationless transitions to con- 
tinuous levels, that is, to a breaking up of the molecule. The well-known sta- 


® Arnoldand Kistiakowsky, J]. Am. Chem. Soc. 54, 1713 (1932). 
'S Almasy, Naturwiss. 20, 296 (1932). 
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bility of benzene, on the other hand, does not allow one to believe that a 
decomposition occurs with only some 15 cal. of vibrational or electronic en- 
ergy in the molecule. The continuum may be interpreted without this diffi- 
culty, by considering that the absorption and emission bands are degraded 
to the red so that the moment of inertia of the excited molecule must be 
larger than that of the normal molecule. The moment of inertia in higher 
Vibrational states has usually been found to be larger than that of the non- 
Vibrating molecule. The result of this is that, as the transitions occur to higher 
and higher vibrational levels of the normal state of benzene, the moments of 
inertia of the initial and final states approach each other and the band heads 
become less prominent. The rotational structure of the bands being entirely 
unresolved, this will cause the appearance of an apparently continuous emis- 
sion. Curve 2, Fig. 2, shows very clearly how the band heads gradually weaken 
towards the red. 

Another cause may also contribute to the effect. As has been pointed out 
by Kassel," the spacing of vibrational quantum states in polyatomic mole- 
cules decreases very rapidly with increasing total energy. If, in transitions 
to higher vibrational quantum levels, frequencies other than 980 and 160 
em! take part, this crowding of levels must contribute considerably to the 
continuous appearance of the long wave-length part of the fluorescence spec- 
trum. 

In extending the present investigation to molecules other than benzene, 
toluene has been already studied. The pressure range covered was 20 to 1 mm, 
the weakness of emission preventing further decrease of pressure. The fluores- 
cence was found to be wholly continuous with the exception of some quite 
diffuse bands between 2750 and 2650A. Fig. 2, curve 3, shows a microphotom- 
eter record of a part of this spectrum. The continuum in the case of toluene 
is much more pronounced than with benzene. It would be necessary to as- 
sume that toluene becomes unstable even when possessing some 0.3 electron 
volts of energy in order to account for the continuum on the assumption of 
predissociation. The suggestion advanced here, on the other hand, readily 
accounts for these observations. The decreased symmetry and an increased 
number of atoms in toluene are favorable to a crowding of vibrational levels 
at lower total energies and thus agree with the appearance of the continuum 
at shorter wave-lengths." 


'’ Kassel, J. Am. Chem. Soc. 53, 2143 (1931). 
% A note giving the above results and argumenis was sent in June to Die Naturwissen- 
schaften but was not accepted by the editor of that publication. 
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The Ionization of Neon and Argon by Positive Alkali 
Ions of Energies from 650 to 2000 Volts 


By J. CarListe Movzon 
California Institute of Technology, Pasadena, California 
(Received July 14, 1932) 
With an apparatus of new design the study of the ionization of neon and argon 
by positive alkali ions has been extended to accelerating potentials as high as 2000 
volts. The results obtained are in good quantitative agreement with the previous 
work at the low potentials. In a number of cases the efficiency of ionization reaches a 
maximum at accelerating potentials less than 2000 volts. 


HE problem of the ionization of gases by impact of positive ions at low 

velocities is one in which it is necessary for a large amount of experi- 
mental evidence to be gathered before the theorist is able to hazard an intelli- 
gent guess at the processes involved. 

As is usually the case it is impossible to say when and by whom investi- 
gations have begun on a particular problem. So it is with this problem. How- 
ever, the history of its development up to a few years ago is one of a series 
of experiments giving either absolutely negative results, or results completely 
masked by secondary effects. It was because of these past futile attempts to 
obtain any conclusive evidence that Professor R. A. Millikan suggested to 
A. L. Wlein at the California Institute in 1922 that he take up very carefully 
first the study of the possible ionization produced when positive ions impinge 
upon a metal surface. This proved to be a step in the right direction since 
Klein! found for the first time, and this was subsequently checked by other 
investigators, that positive ions of relatively low energy are quite capable of 
ejecting electrons from metal surfaces. He found further that the effect began 
to set in at an energy of the order of 100 volts, and also that positive ions 
themselves may be reflected from surfaces. It was then obvious that an ap- 
paratus which would prove successful in detecting pure ionization in a gas 
must be so built that it would be able to make these surface effects negligible, 
or else measurable independently of the main gas phenomenon. Such an ap- 
paratus was first built by R. M. Sutton with the advice and assistance of 
Professor Millikan at this Institute. The design of this apparatus had been 
suggested by Professor Millikan as early as 1924. A detailed account of it and 
of the difficulties encountered was given in Sutton’s Ph.D. thesis in 1929 and, 
in a condensed form, in the Physical Review.” 

The results of Sutton will be summarized briefly thus: Neon and argon 
were bombarded by singly charged positive ions of potassium of energies up 
to 750 volts. The collecting potentials were so adjusted as to eliminate practi- 
cally all secondary effects due to the ions and to enable him to collect any 


' Klein, Phys. Rev. 26, 800 (1925), 
* Richard M. Sutton, Phys. Rev. 33, 364 (1929), 
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electrons liberated from the gases. A variation of pressure from 0.0035 to 
0.1 mm gave a detinite variation in the ionization. This fact alone was sutti- 
cient to prove very detinitely that the electrons collected were due to ioniza- 
tion of the gas. This was the first conclusive evidence presented by anyone on 
this subject. Sutton found that argon was ionized more efficiently than neon 
when potassium Was used as an ionizing agent. Ionization was not observed 
when the bombarding ion had a velocity of less than about 100 equivalent 
volts. However, since his galvanometers did not afford high enough sensitiv- 
itv, he was unable to measure the insetting potential accurately or even to 
prove that a sharp insetting potential actually exists. It will be well to add 
that the technique he devised for the collection of the initial positive ions and 
the electrons arising from the bombarded gas is essentially that which has 
been used by all observers anywhere who have later taken up and pushed far- 
ther the work on the ionization of gases by positives of low energies. 

The writer began work with Dr. Sutton in January of 1929. The research 
Was carried on jointly with him until December, 1930. During this period 
some revisions were made in the apparatus, making the measurements more 
exact, and the study was carried on in the three noble gases; neon, argon, and 
helium with the tive alkali ions; lithium, sodium, potassium, rubidium, and 
caesium. The results were published in the Physical Review® in 1930 and 
1931. In December of 1930 the writer continued at the Institute the investi- 
gations in krypton and xenon with Dr. Otto Beeck with a much more sensi- 
tive apparatus. Dr. Beeck had already studied the ionization in neon and ar- 
gon by the alkali ions using Sutton’s method, but improving the accuracy 
and sensitivity by separating the alkali ions in a magnetic analyzer and by 
using sensitive electrometers instead of galvanometers. He published his 
results in Naturwissenschaften in the summer of 1930, summarizing his work 
with the statement that the efficiency of ionization in a noble gas is highest for 
that alkali ion nearest it in atomic number. The investigations in xenon and 
krypton showed that this statement is not strictly true, though it holds in 
most cases. The fact that potassium is equally efficient an ionizer of krypton 
as is rubidium and the fact that potassium is more efficient as an ionizer of 
xenon than is rubidium brings one to the conclusion that so simple a state- 
ment falls short of the observed phenomena. However, an interesting result 
is obtained if the probabilities of ionization are computed for the most effi- 
cient alkalis in their neighboring gases. 

The probability of ionization is simply the chance that an electron will be 
liberated when the positive ion collides with a gas atom. It is obtained by 
dividing V, the number of electrons liberated per initial positive per cm 
path per mm pressure by the number of collisions the ion makes per centi- 
meter. The probability, P, is then P = NL, where L is the kinetic theory mean 
free path at 1 mm pressure. The kinetic theory mean free path is not quite the 
correct value to use, but it is certainly of the right order and is as good as 
any other value we know, unless the cross-section values‘ are a trifle better. 


“Sutton and Mouzon, Phys. Rev. 35, 694 (1930); Sutton and Mouzon, Phys. Rev. 37, 
319 (1931). 
* Ramsauer and Beeck, Ann. d. Physik 87, 1 (1928). 
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Table 1 gives the values of the probability of ionization thus computed. 
These values are for an accelerating potential of 500 volts. Because of the 
general shape of the curves of the efficiency of ionization plotted against 
accelerating potential, these values will remain the same for potentials of 
more than about 200 volts. It is interesting that these probabilities come out 


Tasre I. 
P 
Na’ in neon 0.025 
KX* in argon 0.026 
Rb° in krypton 0.038 
Cs* in xenon 0.030 


almost equal. As a matter of fact, the mean free path used could account for a 
wider variation than is found. If one considers the ionization as due largely 
to the kinetic impact of two elastic bodies, as does Dr. Fritz Zwicky® of this 
Institute, it is not surprising that the probabilities of ionization for the al- 
kalis in their neighboring noble gases are about the same. 

The writer and Beeck also made a very careful study of the potential at 
which ionization sets in, using the five alkali ions in neon, argon, krypton, 
and xenon. The ionization in helium is so small that it cannot be studied with 
any degree of accuracy with this apparatus since the gas pressures used are 
low. A summary of these findings appeared in the Physical Review.* A more 
detailed account was given in two articles in the Annalen der Physik.’ 

Unsuccessful attempts to use positive alkali ions of energies greater than 
500 volts were made by Sutton and the writer, and later by Beeck and the 
writer. The apparatus used in the former case was limited because of a gas 
discharge taking place between the filament and cathode® at the higher poten- 
tials. Measurements were actually made up to 750 volts. In the latter case a 
very large retlection of positive ions occurred at the higher potentials. 

A new apparatus has been built which is more suitable for the work and 
which gives quite satisfactory results: A further difficulty was encountered 
with the present apparatus which was masked by the other effects in the ear- 
lier pieces of apparatus at velocities in excess of 750 volts. This was the prob- 
lem of secondary emission from the metal parts. By applying a potential of 
about 9 volts it is possible to prevent the escape of electrons from a metal 
when the bombarding ion has an energy of less than 600 volts. However, for 
greater energy positive ions, some of the electrons ejected seem to have an 
energy of much more than 9 volts. With proper adjustments the secondary 
emission Was finally reduced to such a low value that, by making corrections 
for it, quite good results were obtainable. 

Fig. 1 is a cross section of the apparatus. The source of positive ions, F, 
is a platinum foil coated with Kunsman catalyst. (The filament holder is not 

® Zwicky, Proc. Nat. Academy of Sc. 18, 314 (1932). 


® Beeck and Mouzon, Phys. Rev. 38, 967 (1931). 
7 Beeck and Mouzon, Ann. d. Physik 11, 737, 858 (1931). 
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indicated in the drawing.) Ions of the five alkalis were thus obtained. The 
most satisfactory method of coating the filament with the source material 
was found to be as follows: The catalyst was mixed with parattin oil to facili- 
tate spreading it on the surface of the foil. Successive thin coats were painted 
on the foil, the source being heated to a yellow heat in an atmosphere of hy- 
drogen after each coat. The result was that the catalyst adhered very firmly 
to the foil and no difficulty was encountered with the catalyst falling off when 
it Was mounted upside down in the filament holder. This would occur if the 
source were not reduced in steps as was indicated. 

The ions are accelerated to a grid and pass through the magnetic analyzer 
through 1X6 mm slits, S; and S.. The Armco iron pole pieces of the mass spec- 
trometer are separated 5 mm by brass spacers. The copper plate, B, is sup- 
ported on -l by means of a glass tube which insulates the two. The positive 
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Fig. 1. Cross section of magnetic Fig. 2. Electrical connections. 
analyzer and ionization chamber. 


ions enter the ion chamber through slits, S; and S;. These slits are 1X6 mm 
and 0.5 X6 mm, respectively. The channel shown prevents any of the initial 
positives reaching the electron collector, C. A small ring is shown projecting 
into this channel at its base. This is to prevent as many ions as possible from 
striking the walls of the channel from which secondary electrons might easily 
be ejected. The joints of glass to copper are made with picein wax. 

A small bell jar sealed with wax to the ground plate, B, contains the ioniza- 
tion chamber and makes it easily accessible. The tube connected to the top 
of the bell jar leads directly to a liquid air trap which freezes out the vapors 
present. 

The ionization chamber is surrounded by a soft iron cylinder K to shield 
it from the stray magnetic field. The whole rests on redminol feet, insulating 
it from the plate B. The collector for the initial positive ions is of a different 
design from that previously used, consisting of the collector P and the brass 
cylinder 7. The major part of the beam is collected on P. Any alkali ions scat- 
tered by the gas are caught on the walls. The collector P isa brass box, 3 mm 
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deep, containing two 0.5 mm mesh screens inside and one 2 mm mesh screen 
at the opening. This cage effect is very successful in preventing the reflection 
of the initial positive beam which proved troublesome at the high energies in 
the previous apparatus.* The collection of all the positive ions entering the 
chamber, including those scattered by the gas, affords more accurate meas- 
urements than previously. However, the agreement of the results obtained 
with this apparatus with those obtained with the earlier pieces of apparatus 
indicates that the scattering is very small at the pressures used. The cage P 
is maintained at a potential of 18 volts above 7 by means of a small battery 
inside the shielded electrometer lead. For accelerating potentials in excess of 
900 volts this is no longer sufficient to retard all of the secondary electrons. 
It is therefore necessary to make a correction for these ejected electrons. 

The electron arising between the grid G and the upper end of the channel 
are collected on the plate C. Any other electrons arising from the bombard- 
ment of the metal walls are also collected there. It is true that the positive 
gas ions arising as products of ionization by the alkalis are measured with the 
initial positive ions, but the error introduced by this is very small since these 
are in general less than one percent of the value of the initial positive beam. 

A diagram of the electrical connections is shown in Fig. 2. The filament 
is heated by means of the battery B,;. An initial acceleration of 54 volts is 
applied at the center of a large resistance across the filament by means of the 
battery By. A second acceleration is applied between plates A and B after the 
ions have passed through 180° in the magnetic field. This acceleration is 
variable as is shown, the potential being derived from the 2000 volt generator, 
G. A third acceleration of 48 volts from B, exists between the soft iron cylin- 
der and the plate, B. This last acceleration is thus applied so that no electrons 
arising from the slits or from the gas streaming through the channel may en- 
ter the ionization chamber and be collected on C. 

The cage P is maintained at 18 volts positive with respect to the cylinder 
Z by means of the battery B; in the electrometer lead. The electrometer £ 
measures the initial positive beam. The collector C for the electrons liberated 
from the gas is maintained at a potential positive with respect to the sur- 
rounding cylinder J by means of the battery B;. This potential has to satisfy 
two conditions. It must be high enough so that all the electrons liberated 
between C and G are collected, but it must be less than the electron ionization 
potential of the gas. The collector C has to be large enough to make this pos- 
sible. (This is the same restriction as existed in all of the previous work.) 
By plotting the charge collected on C against the collecting potential applied 
on C, for a given acceleration of the alkali, one can determine whether this 
condition is satisfied. 12 volts were found suitable for the work in argon 
and 15 volts for neon. The electron charge on C is measured by electrometer 
Ey. The two electrometers are of the string type. All leads to them were 
carefully insulated with amber, and carefully shielded. Switches 5S; and 5S» are 
electromagnetically operated grounding switches for the two instruments. 


* Beeck, Ann. d. Physik 6, 1001 (1930). 
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The gas is admitted to the ionization chamber from a reservoir through 
a fine capillary and is continuously pumped through, assuring purity. The 
pump leads are as indicated. The difference in pressure between the ionization 
chamber and the mass spectrometer is such that with the pressure as much as 
10° mm in the chamber, a large number of positives are still undeviated from 
their path. Pressures are measured on a McLeod gauge at intervals during a 
run. The time of each reading of the electrometers is recorded and the pres- 
sure of the gas at that time may be obtained from a pressure-time graph. 
The change in pressure never amounts to more than 1.510% mm in ten 
minutes. The time of charging up of the electrometers is between 5 and 10 
seconds, so that the change in pressure during that period is negligible. The 
pressure used were between 2X10 * and 7X10 *. The chance of multiple 
collisions is therefore small. 

The ratio of the effective capacities of the two collecting systems with 
their leads and electrometers must be known in order to secure the true ratio 
of the charges collected. Obviously. there is an inductive effect of one system 
on the other, since the collector of the initial positive ions surrounds that of 
the electrons liberated from the gas. However, in this apparatus the inductive 
effect of the svstem of electrometer /y, on the system of /; is very small. 
Therefore, the ratio of the capacities can be measured by simply putting a 
charge on EF; and sharing it with Ay, the deflections on /; being measured 
before the charge is shared and immediately thereafter. The potential origi- 
nally applied on E; can be measured by a bridge, so that all of the data are 
obtainable to give the ratio of the capacities, C; C2 by the formula: Cy Cu 
=,’ (1,—V.’) where V, and J,’ are the potentials as read on /, before and 
after the charge is shared with /y,:, respectively. This ratio was found to be 
3.38. 

The actual measurements are taken as follows: With EF; and Ay, grounded 
the filament is turned on; S; and S: are then opened simultaneously. When the 
charge has reached a satisfactory value, the filament switch is opened and 
the deflection of Ey is read. S; is now closed, grounding -;, and the deflection 
of Ey is read. This procedure is necessary since the relatively large positive 
charge on F, induces a charge on Ey. -; must, therefore, be grounded be- 
fore the true electron charge on Ey; can be measured. The whole process of 
taking one reading requires from 5 to 10 seconds only. However, at the high 
accelerating potentials the drift of electrometer, Fy, is sufficient in that 
length of time to require a correction. The results obtained speak for the valic- 
ity of these methods employed in the measurements. 

As was previously mentioned, a correction must be made for the second- 
ary emission. Fig. 3 shows how this correction can be made. The value of the 
ratio of the total electron charge collected on C divided by the corresponding 
positive ion charge is plotted against the pressure. In Fig. 3, VX P represents 
this value multiplied by a constant. It is NV, the efficiency of ionization (the 
number of electrons ejected from the gas per initial positive ion per cm path 
per mm pressure) that is finally desired, so that it is convenient to carry this 
multiplying constant. As is expected, if only single collisions occur, this ratio 
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is a linear function of the pressure. The intersection of the lines with the 
axis of zero pressure gives the portion of VX P due to secondary emission 
only. 
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The results of the work in neon and argon are shown in Figs. 4, 5, 6, 7, and 
8. The value of the efficiency of ionization, .V, detined above is plotted against 
the accelerating potential. The crosses indicate the values obtained by Beeck* 
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at an accelerating potential of 500 volts. It is seen that in nearly all of the 
cases the agreement is excellent. Not only that, but also the slopes of the 
curves are such that, if extrapolated, the curves would strike the axis in good 
agreement with the values of the insetting potentials obtained by Beeck and 
the writer.® ? That is particularly noteworthy when one considers that the ap- 
paratus used in the two cases is quite different. Too much accuracy cannot 
be claimed for the lower etficiencies, since the secondary emission was a con- 
siderable part of the charge measured. The fact that rubidium and caesium 
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show relatively large efficiencies in argon again makes one wonder what role 
the electron configuration plays, since a simple mass effect cannot explain this. 
It is interesting to note that all of the curves show a tendency toward reach- 
ing maxima if they have not done so already at these potentials. 

In conclusion, the writer wishes to express his appreciation for the interest 
of Dr. R. A. Millikan in this work and for the discussions with Dr. Otto 
Beeck concerning the whole problem. 
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The Photoelectric Properties of Alkali Metal Films as a Function 
of their Thickness 


By James J. Brapy 
Physics Department, University of California 


(Received May 11, 1932) 


Previous workers have given very little consideration to the thickness of the 
alkali metal films under investigation. The purpose of the present work was to study 
the photoelectric properties of the films as a function of their thickness. A molecular 
beam was used to deposit a computed number of alkali metal atoms on a silver surface 
cooled with liquid air. In this way, films of various thicknesses were formed and their 
corresponding spectral response curves taken. The recorded thresholds were arbi- 
trarily chosen as the points, where the currents became definitely measureable. For 
potassium, the maximum threshold, approximately 5800A, occurred at a film thick- 
ness of 3.0 molecular layers while the maximum total photoelectric emission occurred 
at 12.4 molecular layers, and the photoelectric properties remained constant after 19.0 
molecular layers. The atomic spacing in the monomolecular layer is assumed to be 
the same as that in a solid mass of alkali metal. The threshold for the thick film was 
approximately 5500A. For rubidium, the maximum threshold, approximately 6200A, 
occurred at a film thickness of 1.5 molecular layers, while the maximum total photo- 
electric emission occurred at 5.0 molecular layers, and the photoelectric properties 
remained constant for film thicknesses beyond 12 molecular layers. The threshold 
for the thick film was approximately 5900A. For caesium, the maximum threshold, 
approximately 6600A, occurred at a film thickness of 1.5 molecular layers, while the 
maximum total photoelectric emission occurred at 5.0 molecular layers, and the 
photoelectric properties remained constant for film thicknesses beyond 10.0 mole- 
cular layers. The threshold for the thick film was approximately 6300A. Some ano- 
malous effects are reported in the case of sodium. The maximum extension of the 
threshold was found to be much less than that reported by other investigators. A 
theory is advanced to account for the existence of a maximum in the excursion of the 
threshold. 


REVIOUS workers'?* have shown that large changes of the photo- 

electric properties of metal surfaces are produced by the deposition of 
thin alkali metal films but little has been done to study these effects quantita- 
tively. 

The present work was therefore undertaken for the purpose of studying 
the photoelectric effect as a function of a known number of deposited alkali 
metal atoms. One of the essential features of this work was the use of a 
molecular beam for controlling the amount of alkali metal deposited to form 
the film. The atoms were ejected from a pinhole opening in a reservoir con- 
taining the alkali metal, and allowed to condense on a metallic surface cooled 
with liquid air. The process was carried out in a very high vacuum. By using 


1H. E. Ives, Astrophys. J. 60, 209 (1924). 
2 Suhrmann and Theissing, Zeits. f. Physik 55, 701 (1929). 
* Ives and Olpin, Phys. Rev. 34, 117 (1929). 
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this method, the chances for a uniform deposit were increased, and the cal- 
culation of the number of deposited atoms was possible. 

Another feature of this work was the attempt to obtain a gas-free metallic 
surface on which to form the alkali metal film. This was done by evaporating 
the underlying metal under high vacuum conditions just before the alkali 
metal atoms were condensed on it. 

The method proved successful in obtaining films of any desired thickness, 
which, although allowed to stand for several hours, showed no variation in 
photoeffect. 


APPARATUS AND EXPERIMENTAL PROCEDURE 


A number of cells were constructed, with gradual modification of details, 
until the final form shown in Fig. 1 was adopted. 
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Fig. 1. Diagram of photoelectric cell. 


The lower portion of the tube, D, acted as a reservoir for the alkali metal. 
It was separated from the rest of the tube by a thin glass partition with a 
pinhole (made by piercing the glass with a heated 30-mil tungsten wire which 
had been pointed on the end) in the center, C. That portion of the tube, B, 
just above this, was devoted principally to a container for liquid air which 
was used in defining the beam of alkali metal atoms. The constriction in the 
central tubing acted effectively as a defining slit for the beam, while the 
liquid air eliminated the possibility of reflection from the walls of the tubing. 
The condensation surface, A, was made from a glass tubing which was sealed 
off at one end and pressed against a slab of carbon while hot, so that the 
surface made an angle of 45° with the long axis of the tube. This formed a 
container into which liquid air could be placed. The purpose of this device 
was to insure the condensation of every alkali metal atom, and at the same 
time, to lower the pressure in the tube. 

F and G were 15-mil tungsten filaments wrapped with No. 30 B and S 
gauge silver wire. By passing a current through these filaments, silver was 
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evaporated over the inside surface of the tube. This acted as a shield from 
electrostatic charges and as the underlying conducting surface for the 
deposit of the alkali metal atoms. 

A grid, //, consisting of five 6-mil tungsten wires, spot-welded to 50-mil 
tungsten leads, served to pick up the photoelectrons. A guard ring was 
mounted inside of the tube through which the grid wire leads were brought 
out. 

The tube, which was made of Pyrex glass, was exhausted to a high vacuum 
by means of a mercury diffusion pump working through a liquid air trap. A 
separate heater was used to bake out the charcoal in the side tube, EZ, which 
Was raised to the softening point of glass while the rest of the tube was baked 
out at 450°C. 

Due to the large amount of vapor and gas emitted from the heated char- 
coal, it was given a preliminary bake-out before the tube containing the 
alkali metal was connected. After the preliminary bake-out, air was allowed 
to pass into the cell through the liquid air trap, and the tube, containing the 
salt and calcium, was sealed on as quickly as possible. The cell was then 
reevacuated and baked out simultaneously with the charcoal trap for a 
period of 15 or 16 hours. The plate and grid of the ionization gauge were 
brought to a red heat by means of electrical bombardment, and remained 
in this state until no more gas was given off. This usually lasted for about an 
hour. 

The inside of the tube was then given a coating of silver by passing a cur- 
rent through the filaments wound with silver wire. This process was per- 
formed very slowly (several hours), in order to outgas the silver. Contact was 
made to the silver coating by means of “cat whiskers” of tungsten wire, spot- 
welded to the tungsten leads. Four of these contacts were used to insure 
electrical connection. Silver wire, wrapped around the tube on which the 
alkali metal was deposited, and brought out to the tungsten lead, ./, was also 
used for this purpose. 

The alkali metal, which was vacuum distilled through several constric- 
tions during the bake-out, was finally driven into the lower portion of the 
tube. The photocell was then sealed off from the vacuum system and tested. 

In studying the photoelectric effect, a 6-volt, 110-watt, tungsten ribbon 
filament lamp was used as a source of light. By means of a lens this light was 
focused on the slit of a Van Cittert-type double monochromator. An achro- 
matic lens was used to focus the dispersed light on the photocell. The photo- 
electric current was measured with a Compton quadrant electrometer having 
a sensitivity of 4000 mm per volt at one meter scale distance. 

The temperature of the alkali metal was controlled by means of the heat- 
ing coil, K. The pinhole was heated by another coil, J, and the temperature 
at this point was kept several degrees higher than the lower part of the tube, 
to prevent condensation at the small opening. Chromel-Alumel thermo- 
couples were used to determine the temperatures. The hot junctions were 
held in contact with the glass by wrapping copper foil about them. The 
thermocouples were calibrated from the freezing point of water and the 
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boiling point of water, naphthalene, diphenylamine, and sulfur. The tempera- 
tures could be determined to 1°C. 

After placing the tube in position in front of the monochromator, the con- 
tainers 4 and B of the photocell, and the Dewar flask which was placed on 
the charcoal trap, were filled with liquid air. The ionization gauge was then 
connected so that the pressure in the cell could be determined. The plate cur- 
rent Was measured by means of a galvanometer having a sensitivity of 
3X10°>° amperes per mm deflection at a scale distance of one meter. With a 
grid current of 5 milliamperes, pressures producing currents as low as 1.5 
xX 10°° ampere were obtained. The gauge indicated no change in the vacuum 
when heat was applied to the alkali metal reservoir. 

After liquid air was placed in the containers 14, B, and the Dewar flask, 
the cell was allowed to stand for several hours in order to give the vacuum 
time to improve. When the pressure in the tube had reached a value in the 
order of 10-° mm of Hg, a current was passed through the heating coil, K, 
and the temperature brought up to a constant value. The usual procedure 
was to allow the temperature of the heater to reach its final value before 
placing it over the alkali metal reservoir. This plan was adopted in order to 
reduce the time taken for the equilibrium temperature to be reached. The 
heater was then left over the alkali reservoir for a definite period, and then 
removed. The temperature of the reservoir dropped immediately after the 
heater had been removed. 

When there was a sufficient deposit to give a detectable photoeffect, the 
film was studied by means of a spot of nearly monochromatic light (about 
20A), which was focused on the plate. The deposit of alkali metal was ex- 
plored by examining the photocurrent as the light passed over different parts 
of the film. In this way, it was found that the deposit was quite uniform and 
sharply defined at the edges. The position of the light beam was varied by 
moving the achromatic lens, which was placed between the photocell and the 
monochromator. The film was then allowed to stand for several hours to test 
for any change in the photoelectric sensitivity. In the meantime, the proper 
containers were kept filled with liquid air. When the vacuum was in the neigh- 
borhood of 10~$ mm of Hg, and the alkali deposit had been made on a freshly 
evaporated surface of silver, there was found to be no variation in the photo- 
effect even after the tube had been left standing for several hours. A spectral 
distribution curve was taken for this particular surface, and the heater again 
applied to the lower part of the tube for a definite time. In this way any 
desired thickness of film could be investigated. 

In order to begin a new set of measurements, the lower silver filament was 
heated and the silver evaporated over the surface until no photoeffect could 
be detected, even in the presence of a very strong light. 

The distribution in energy throughout the spectral range was determined 
by placing a vacuum thermopile in front of the monochromator in the posi- 
tion usually occupied by the photocell. The thermopile galvanometer de- 
flections were amplified by means of a photoelectric cell relay arrangement 
in order to determine the distribution in the blue part of the spectrum, where 
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the energy was low. The data obtained in this way were used in plotting the 
spectral response curves on an equal energy scale. 


CALCULATION OF FitM THICKNESS 


The formula used to determine the number of deposited alkali atoms was 
taken from an article by O. Stern.! 


q = (5.83 X 10-2) pf (MT)! 


where g represents the number of moles ejected in one second from the pin- 
hole, C; ./ is the molecular weight of alkali metal; 7 the temperature, Kelvin, 
of the alkali metal reservoir; p the vapor pressure, in mm of Hg, of alkali, at 
temperature 7’; f the area of the pinhole in em’. 
If J represents the number of moles striking the condensing surface in one 
second, then 
J= q wr", 


where r is the distance in cm from the pinhole to the surface on which the 
deposit is formed. 
The number of atoms striking the surface in one second, is given by the 
equation, 
V = (6.06 X 10%)gJ. 


It is inconvenient, in referring to the film thickness, to state the number of 
atoms deposited. Instead, a definition for a molecular laver will be given, and 
this expression used in reference to the thickness. 

In a solid mass of metal, the number of atoms per cm* can be determined 
by dividing the density of the metal by the mass of a single atom. The cube 
root of this number gives the number of atoms along an edge, and the square 
of this quantity gives the number of atoms per cm*. This will be used as a 
definition for a molecular layer. It is understood, however, that in forming a 
very thin film, the spacing may be quite different from that in a solid mass 
of the metal. A discussion of the number of atoms per cm® in monatomic 
lavers has been given by Becker.’ 

The diameter of the pinhole was 0.75 mm and the distance from the pin- 
hole to the condensation surface was 16.0 cm. 

The vapor pressure of potassium was obtained by use of the empirical 
formula of Edmondson and Egerton® and for sodium, the formula given by 
Rodebush and de Vries’ was used. The probable error as estimated by these 
experimenters is less than 5 percent. 

The vapor pressures of rubidium and caesium were determined from the 
values of the constants given in the International Critical Tables.* The vapor 
pressures can be determined within 10 percent by means of these values. 


*QO. Stern, Zeits. f. Physik 39, 754 (1620). 

® J. A. Becker, Phys. Rev. 28, 341 (1926). 

® Edmondson and Egerton, Proc. Roy. Soc. A113, 520 (1928). 
7 Rodebush and de Vries, J. Amer. Chem. Soc. 45, 2323 (1923). 
8 International Critical Tables III, 205. 
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However, this accuracy is uncertain inasmuch as there is a wide variation in 
values given by different experiments.*"” This has been pointed out by 
Rowe."! 

The principal variable errors in the experiment were the measurement of 
the temperature of the alkali metal reservoir and the length of time it was 
heated. The error in the determination of the film thickness caused by the 
Variation in temperature (after the reservoir had reached equilibrium tem- 
perature) was probably not more than 4+ percent. The determination of the 
time of heating was made a little uncertain by the fact that it required a few 
minutes to reach the equilibrium temperature after the heater was applied to 
the reservoir. This error was not usually more than 10 percent. The total 
variable error then was probably less than 12 percent. 

Constant errors may have been introduced in the calibration of the ther- 
mocouple and the measurement of the hole and distance between the hole 
and condensation surface. It is likely that the total constant error was less 
than 6 percent. The total error in the determination of the film thickness is 
probably less than 20 percent (this includes the possible error of 10 percent 
in Vapor pressure). 


EXPERIMENTAL RESULTS 
Potassium 
Curves showing the photoelectric current as a function of the wave-length 
of the incident light are illustrated for the different film thicknesses in Fig. 2. 
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Fig. 2. Spectral response curves for different film thickness of potassium. A, 0.8 molecular layer; 
B, 3.0 molecular layers; C, 12.4 molecular layers; D, 19.2 molecular layers. 


The ordinates represent photocurrent per unit light intensity in arbitrary 
units. The recorded thresholds were arbitrarily chosen as the points where 
the currents became definitely measurable. 
A represents the spectral response curve for a film formed on a freshly 
coated silver surface, when the potassium reservoir was heated to a tempera- 
* D. H. Scott, Phil. Mag. 47, 32 (1924). 


1 T. J. Killian, Phys. Rev. 27, 578 (1926). 
1H. Rowe, Phil. Mag. 3, 534 (1927). 








ee ed 








LEAT REST SRE PRIS ae 








PHOTOELECTRIC PROPERTIES OF METAL FILMS 619 


ture of 150° for 15 minutes. The computed thickness in this case was 0.8 
molecular layer. The long wave-length limit was in the neighborhood of 
5100A and the shape of the spectral response curve was different from that 
for heavier deposits. 

The next curve, B, was obtained after reheating the potassium reservoir 
to 150°C for 35 minutes, which brought the computed thickness up to 3.0 
molecular layers. The threshold shifted to the neighborhood of 5800A and 
the shape of the spectral response curve changed. 

The heating coil was then replaced over the reservoir and the temperature 
brought up to 170°C (vapor pressure = 1.48 X 10~* mm). After it was allowed 
to remain at this temperature for 60 minutes, the data for curve C were taken. 
This film gave the maximum total emission, although the threshold did not 
extend as far toward the red as that of curve B. The computed thickness was 
12.4 molecular lavers. 














Fig. 3. Spectral response curve for contaminated potassium film. 


Curve D was obtained from a tilm which was formed by reheating the 
potassium reservoir to 170° for 44 minutes. This film represented the thick- 
ness beyond which there was no further change in the photoelectric effect. The 
computed thickness was 19.2 molecular layers. 

The curves were chosen from a set taken at various film thicknesses to 
illustrate the principal photoelectric changes which took place during the 
development of the film. 

Separate experiments, in which different reservoir temperatures were used 
to secure the same film thickness, gave results which showed that the photo- 
electric effect was independent of the rate of deposition when varied as much 
as tenfold. 

An attempt was made to study the films when the condensing surface was 
not cooled with liquid air, but the photoelectric effect did not remain con- 
stant after a deposit was made. There was a constant decrease in emission 
which indicated that changes were taking place on the surface. 

The pressure in the photoelectric cell (measured with the ionization 
gauge) had to be in the ncighborhood of 10°* mm or less before consistent 
results could be obtained. In cases where the pressure was not this low, un- 
desirable effects were noticed. One of these was the gradual decrease in emis- 
sion just after the film was exposed to light. The original sensitivity could be 
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restored by allowing the cell to remain in the dark for several minutes. This 
fatiguing was found to be greater in the case of illumination by violet than 
for longer wave-lengths. Successive exposures to light and darkness produced 
no change in the effect. 

In order to make a test of the effect of increasing the pressure in a tube 
from which reliable data had been obtained, the liquid air was removed from 
the charcoal after a thin film was deposited. Fig. 3 illustrates the results found 
in a typical case. The curve was taken four hours after the liquid air was 
removed. The shape of the spectral response curve as well as the position of 
the threshold was greatly changed by the increase in pressure in the cell. The 
results were not quantitatively reproducible in a case of this kind, but indi- 
cated that the change in the photoelectric effect was greater for films in the 
order of a monomolecular layer than for heavier deposits. 


Sodium 


Several tubes were constructed in which silver was used as the under- 
lying surface for the study of sodium films. It was found, however, that in 
each case, the photoelectric emission began to decrease immediately after 
the heating coil was removed from the sodium reservoir. The pressure in the 
tube was measured each time and found to be in the neighborhood of 10° § 
mm. The instability of photoelectric emission could not, then, be attributed 
to a poor vacuum. 

A cell was next constructed with nickel as the underlying material, but 
here again there was a decrease in emission after the tilm was deposited. 


Fig. 4. White light curve for sodium. Rate of film formation, 1.1 molecular layers per minute. 


Finally, a tube in which tungsten was used as the underlying material 
was constructed, and in this cell stable sodium films were formed. The 
emission from the thin films was found to be too small to be measured when 
the light from the monochromator was used, so a tungsten filament lamp, 
glowing at much less than its normal brilliancy, was used as a source. The 
white light curve, showing the emission as a function of film thickness, is 
illustrated in Fig. 4. In order to secure the data for this curve the sodium re- 
servoir was heated to 270°C (vapor pressure =7.64X10°* mm) and the 
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emission was recorded at intervals during the progress of the film develop- 
ment. The computed rate of film formation in this case was 1.09 molecular 
layers per minute. 

A maximum appeared in the emission curve for a film thickness of 15 
molecular layers. The emission was found to increase again for a computed 
film thickness of about 100 molecular layers. The magnitude of the emission 
in this case rose to a value about 25 times greater than the maximum for the 
very thin film. The film development, however, was not carried out far 
enough to determine definitely whether the emission remained constant or 
whether the large increase represented a second maximum. 

This enormous increase in emission for deposits in the order of 100 mole- 
cular lavers was not found in the other alkali films. 


Rubidium 


Fig. 5 shows the dependence of the photoelectric effect on the wave- 
length of the incident light for different film thicknesses. Curve A represents 
the spectral emission for a film formed by heating the rubidium reservoir to 














Fig. 5. Spectral response curves for different film thicknesses of rubidium. A, 0.6 molecular 
layer; B, 1.5 molecular layers; C, 5.0 molecular layers; D, 12 molecular layers. 


110°C (vapor pressure = 4.06 X 10-4mm) for 11 minutes. The computed thick- 
ness was 0.4 molecular layer. The threshold was in the neighborhood of 
5800A. 

The rubidium reservoir was then reheated to 110°C for 30 minutes. This 
brought the computed thickness to 1.5 molecular layers. The threshold lies 
in the neighborhood of 6200A and was farther in the red than for any other 
thickness. The shape of the curve was quite different from that of the others 
and appeared to be nearing a maximum at 4000A. 

The heating coil was again placed over the rubidium reservoir and the 
temperature raised to 130°C for 28 minutes. This brought the computed 
thickness to 5 molecular layers. This film gave the maximum photoelectric 
emission, but the threshold was not as far in the red as that for the preceding 
thickness. 

The final curve, D, was obtained after reheating the reservoir to 130°C, 
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and the atoms were allowed to condense for 58 minutes. This brought the 
computed thickness to 12 molecular layers. The emission was less than that 
for the preceding film, and the threshold shifted farther toward the blue. 
Further increase in deposition produced no change in the photoeffect. 


Caesium 


The results for caesium are illustrated in Fig. 6. For this element the 
region near the threshold was investigated more carefully than for any of the 
other metals. This region of the curves was magnitied as shown in the right 
hand corner of the figure. The data beyond 5800A were secured by opening 
the slits of the monochromator so that the light intensity was increased. In 
doing this, the wave-length band was broadened from 20 to 40A. The curves 
are seen to approach the wave-length axis asvmtotically, and the existence of 




















Fig. 6. Spectral response curves for different film thicknesses of caesium. 1, 0.6 molecular layer; 
B, 1.5 molecular layers; C, 5.4 molecular layers; D, 10 molecular layers. 


an optimum thickness for the maximum extension of the threshold is definitely 
established. 

The results were very much the same as those for rubidium. Curve 4 was 
obtained after heating the caesium reservoir to 105°C (vapor pressure = 
6.4X 10-4 mm) for 12 minutes. This gave a computed thickness of 0.6 mole- 
cular layer. B represents data obtained after reheating the reservoir to 105° 
for 16 minutes. This brought the computed thickness to 1.5 molecular lavers. 
This also represented the thickness for the maximum extension of the long 
wave-length limit. 

As the deposition was increased, the emission increased, but the threshold 
receded toward the blue end of the spectrum. Curve C represents the thick- 
ness for maximum emission. In this case, the caesium reservoir was heated to 
120°C (vapor pressure = 1.57 X10-* mm) for 33 minutes. This brought the 
computed thickness to 5.4 molecular layers. 

Finally, the caesium reservoir was heated to 120°C for 43 minutes. This 


brought the thickness to 10.4 molecular layers. Curve D represents the 
spectral emission for this film. 
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DiscUSSION OF RESULTS 


According to Sommerfeld’s theory,’ a metal may be considered as a box 
of free electrons which are kept within the enclosure by a potential wall at 
the boundary. These electrons obey the Fermi-Dirac statistics so that at the 
absolute zero of temperature there is a definite upper limit for the energy that 
an electron may have. The work function of the metal is then defined as the 
energy necessary to remove an electron from this highest energy state 
(at O°KK) entirely away from the metal. It appears as /vo in Einstein's photo- 
electric equation, 


hy = mv? 2 + hyp 


where /: is Planck's constant, v the frequency of the incident light, and v the 
velocity of the ejected electron and vo the threshold frequency. Thus, the 
determination of the threshold is a measurement of the work function of the 
surface. 

The grid theory of activated surfaces may be used to advantage to ac- 
count for the effect produced by the thin alkali films. This theory has been 
investigated by Becker" in his work on thermionic emission. It has also been 
discussed by Compton and Langmuir,“ who refer to it as the adion field 
theory. 

The fact that alkali ions are evaporated from heated filaments which have 
been previously coated with a deposit of alkali metal, indicates that the 
deposited atoms behave like ions on the surface. Then in the present experi- 
ment, as the atoms condense on the silver surface they produce an ionic 
laver which sets up an electric field which aids the electrons in their escape 
from the metal. For a first approximation, the field due to this ionic grid may 
be considered uniform and proportional to the number of ions in the layer. 

The upper diagram in Fig. 7 represents the potential curve for silver. The 
horizontal dotted line represents the highest Fermi energy state. The vertical 
line AA’ represents the boundary of the silver so that the portion of the 
curve to the left of this line is the potential of the interior of the silver. The 
light solid line (a trough) to the right of A illustrates the effect of a very small 
deposit of alkali atoms (perhaps 1/50 of a molecular layer). As more atoms 
are deposited on the silver the bottom of this trough becomes lower but 
no electrons will remain in the trough until it is lower than the highest Fermi 
energy state. A calculation” of the electric field near the surface due to the 
ions (for potassium on silver) shows that it requires only 0.2 of a mono- 
molecular layer of ions to reduce the work function from that of the pure 
silver surface to that of a very thick film of alkali metal. This indicates that 
the atoms all become ions as soon as they are deposited, up to 0.2 molecular, 
after which they go on as atoms. On the potential curve this means that it 


#2 A. Sommerfeld, Zeits. f. Physik 47, 1 (1928). 
8 J. A. Becker, Bell Tech. Lab. Reprint B-412 (August 1929); Phys. Rev. 35, 1431 (1930). 
4% Compton and Langmuir, Rev. Mod. Phys. 2, 157 (1930). 


' For method, see Hughes and DuBridge, Photoelectric Phenomena, page 86. (McGraw- 
Hill Book Co., 1932). 
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requires 0.2 molecular laver of ions to lower the trough to the highest Fermi 
energy level. For deposits less than this the electrons leave the trough and 
spill over into the silver. This theory is supported experimentally by the fact 
that the threshold is shifted to within S83 percent of its thick-film value by a 
deposit of 0.2 of that required for the maximum excursion.* 

This theory accounts very well for the extension of the threshold toward 
the red during the early stages of the deposit but does not account for the 
excursion of the threshold beyond its value for the solid alkali, nor for a maxi- 
mum in this excursion for a thickness of a few molecular layers. However, 
Professor J. R. Oppenheimer has suggested the following possible explanation 
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Fig. 7. Potential energy of an electron passing through silver and an alkali metal film; upper 
curve, before contact of metals. Lower, in contact. 


The potential curve for an isolated monomolecular layer of alkali metal 
atoms is illustrated in the upper diagram of Fig. 7. This same curve is illus- 
trated schematically as a dashed line in the lower diagram. It neglects the 
effect of the potential due to the silver. From this diagram it is seen that in 
this case (for potentials as drawn) the alkali metal potential trough 7s 
narrowed by the potential of the silver. If the wave mechanics is now applied 
to this narrowed trough to solve for the possible energy states in which elec- 
trons may exist, it is found that the states are distributed farther apart than 
in a normal trough. The distribution of energy states in a box of electrons 
depends upon the size of the box when its dimensions are in the order of a few 
atom diameters. F;, in the figure, represents the total spread of energy 
values from the zero to the highest Fermi state. The work function, then, is 
W.,. The dashed line represents a normal potential trough (without the 


* The threshold for outgased silver is about 2600A while the thick film threshold for po- 
tassium on silver is about 5500A. This is a threshold shift of 2900A. A 0.6 molecular layer 
gave a shift of 2500A which is 85 percent of the 2900A shift. 
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narrowing effect produced by the proximity of the silver) and the work 
function in this case would be W’,. The total spread in energy states would 
be F). 

For these same potentials the dash-dot line represents the effect of adding 
a second layer of atoms. 

The course of the potentials schematically drawn in Fig. 7 is a wholly 
reasonable one, and would account simply for the observed excursion of the 
threshold. 

Lawrence and Linford’ have shown that the work function of a surface 
may be changed by the application of strong electric fields. Their experiment 
also showed that for a composite surface of potassium on tungsten this 
change in work function has very little effect on the shape of the spectral 
response curve. In other words, the curves are shifted very nearly parallel to 
themselves along the frequency axis. It might be assumed, therefore, that the 
difference in shape of the curves for different thicknesses (in the present exper- 
iment) was due entirely to a difference in the source from which photo- 
electrons originate. For instance, one might assume that in the early stages 
of the film development the electrons came principally from the underlying 
material but as the deposit increased beyond that necessary to form a 
monomolecular layer, the photoelectrons originate principally in the alkali 
metal. As the electron density in the two metals differs considerably, one 
might assume that the spectral response curve for the very thin film would be 
quite different in shape from that obtained for a thicker one. 

An attempt was made to test this assumption by means of Houston’s 
modified form of Wentzel’s theoretical expression for the complete spectral 
emission of photoelectrons. The equation is given in the paper by Lawrence 
and Linford. 

For deposits of a monomolecular layer or less in thickness, the value of 
€ (the maximum energy of the Fermi distribution at 0°K) was calculated 
from the electron density in silver. For a thick film the value of € was calcu- 
lated by using the electron density in the alkali metal. 

The experimental values for the threshold found for the monomolecular 
film and the thick film were used in Houston's expression, and two theoretical 
curves were plotted for photoelectric current against frequency of exiting 
light. The shapes of these curves were then compared with the two experi- 
mental curves (monomolecular layer and thick film). According to this theory 
the emission from silver should be greater than from the alkali, (using the 
reduced value for the work function), but experimentally the emission was 
found to increase for films greater than a monomolecular layer. This discrep- 
ancy between Houston's theory and the present results might possibly be 
ascribed to Houston's failure to correct adequately for the binding of the 
conduction electrons in silver. 

Also, the experimental curves for rubidium and caesium for a thickness in 
the order of a monomolecular layer appear to approach a maximum near 


16 Lawrence and Linford, Phys. Rev. 36, 482 (1930). 
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4000A and the calculated maximum (Houston's formula) is nearer J000A 
and is slightly farther in the violet for silver than it is for the alkali metal. 

Hughes and DuBridge’’ have shown that the theory gives a curve which 
is of approximately the correct shape near the threshold, but at higher fre- 
quencies departs widely from the form of the curve obtained experimentally 
for the alkali metals. 

No conclusion can be drawn on this point until a more exact theoretical 
expression is obtained for the total spectral emission.!* 

In general the results of the present investigation show the same phenom- 
ena as that reported by previous workers. However, there are two impor- 
tant differences. One is the difference in tilm thickness between that found 
for the maximum total emission and that for the maximum extension of the 
threshold. The other difference deals with the magnitude of the maximum 
excursion of the threshold. Ives and Olpin’® found shifts in the order of 
1000A in going from the thickness of maximum threshold to the thick film. 
In the present work the shifts were in the order of 300A. This difference may 
be due to the fact that the underlying material in the present experiment was 
freshly evaporated while Ives and Olpin used a solid plate of metal. It is 
thought that the use of a freshly evaporated underlying surface minimized 
the possibility of occluded gas on the surface. This is based on the fact that 
larger shifts in the threshold were found when the silver surface was allowed 
to stand a day before depositing the alkali metal. The recorded shifts were 
obtained by depositing the alkali metal immediately after evaporating the 
silver. 

In conclusion the author wishes to thank Professor E. O. Lawrence for 
proposing the problem and for his suggestions and constant interest through- 
out the course of the work. 


17 Hughes and DuBridge, Photoelectric Phenomena, page 228. 

1s Ives and Briggs in a recent paper (Phys. Rev. 40, 802 (1932) have presented evidence 
that indicates that the photoelectrons originate partly in the underlying metal and partly in 
the alkali metal film, the relative proportions varying with the film thickness. 

1 Ives and Olpin, Phys. Rev. 34, 117 (1930). 
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Optical Dissociation of Iodine and Enhancement of 
Predissociation by Collisions 


By Louis A. TURNER 
Palmer Physical Laboratory, Princeton University 


(Received July 5, 1932) 


Optical dissociation of iodine molecules is demonstrated by absorption by the 
atoms of light of wave-lengths 1830, 1783, 1642, 1618, 1583 and 1515A these being the 
lines in the region 2100 to 1514 which arise from transitions to the normal state of the 
iodine atom. This dissociation is produced in iodine-argon mixtures by light of wave- 
length >5100A, which produces only excited molecules immediately upon absorption 
so that the atoms presumably result from dissociation produced by collisions. Spectra 
of electrical excitation and of fluorescence in iodine-argon mixtures show that mole- 
cules of higher «’ are more effectively quenched, this larger quenching setting in at 
about 7’=12. This suggests that the effect is a sort of predissociation, enhanced by 
collisions. A possible theoretical interpretation of such an effect is discussed. 


SOME years ago! it was found possible to detect the optical dissociation 
‘7 of iodine molecules by observing the absorption of light by the iodine 
atoms resulting from this dissociation. The ultraviolet light from a discharge 
in iodine was passed through an absorption cell containing iodine which 
could be illuminated by the visible light from a carbon arc, and then into 
a small quartz spectrograph. The 1830 atomic line was less intense for those 
exposures during which the cell was illuminated by the visible light, because 
of its absorption by the iodine atoms produced in the absorption cell. It was 
suggested at that time that this arrangement might be of use in various ex- 
periments as a means of detecting the presence of iodine atoms, for it seems 
to be the only method so far discovered that will differentiate between iodine 
molecules and iodine atoms. Subsequent work on the magnetic quenching* 
of the fluorescence of iodine led to a theory which implies that the magnetic 
tield produces atoms by means of a predissociation. It seemed desirable to 
try to verify this theory by demonstrating the production of the atoms by the 
magnetic field, and so work was begun in the endeavor to improve the ab- 
sorption method of detecting atoms in order to make it a more useful tool for 
such researches. The experiments show that the method is not of as wide 
usefulness as originally hoped but various results were obtained which seem 
to be of sufficient interest to warrant publication. 


EXPERIMENTAL METHOD 


The three principal improvements in method in these experiments as com- 
pared with the former are in the use of a vacuum fluorite spectrograph, of a 
discharge at low pressures as light source in order to give narrow unreversed 


' Louis A. Turner, Phys. Rev. 31, 983 (1928). 
2 Louis A. Turner, Zeits. f. Physik 65, 464 (1930). 
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lines, and of argon in the absorption cell to slow down the diffusion of atoms 
to the wall. The iodine lines absorbable by atoms in the normal state lie for 
the most part in the Schumann region,’ the one of longest wave-length being 
the line at 1830A. This latter line was the only one which could be observed 
with the old apparatus and then with difficulty, whereas several lines are 
usable with the new apparatus (see below). The vacuum spectrograph was one 
of the small ones described by Cario and Schmidt-Ott.4 This method of the 
reversal of emission lines can be thought of as making it possible to do experi- 
ments of a sort ordinarily requiring high resolving power with spectroscopic 
instruments of low resolving power. The emission lines have automatically a 
distribution of energy in wave-length over the very narrow region of wave- 
length in which the absorption coefficient is large so that a large percentage 
of their energy is absorbable. A weakening of such lines can be observed 
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Fig. 1. Apparatus. 


quite readily by a small spectrograph with which it would be impossible to 
detect the absorption as fine black lines crossing a continuous background. 
The failure of Sponer and Watson’® to observe the phenomenon may possibly 
thus be accounted for. That the condition be fulfilled it is necessary that the 
source of the emission lines be one which will give narrow and unreversed 
lines. For them to be narrow the source should be at a low temperature to 
make the Doppler width as small as possible, and the pressure should be low, 
which also minimizes self-reversal by reabsorption in the source. Such a 
source was obtained by exciting iodine at a pressure of 0.03 mm in a straight 
tube of a diameter of 8 mm by means of a high-frequency field from a short 
wave oscillator applied to two metal foils wrapped around the outside of the 
tube. Argon at various pressures up to 55 mm was put into the absorption cell 
in order to cut down the rate of diffusion to the walls of any iodine atoms 
formed. Inasmuch as the recombination of atoms to form molecules presuma- 
bly takes place principally at the walls, this addition of argon ought to in- 


3 Louis A. Turner, Phys. Rev. 27, 397 (1926). 
4G. Cario and H. D. Schmidt-Ott, Zeits. f. Physik 69, 719 (1931). 
5 H. Sponer and W. W. Watson, Zeits. f. Physik 56, 184 (1929), 
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crease the concentration of atoms for any given rate of formation by slowing 
down the rate at which they leave the region of their formation. It was found, 
however, that the argon introduces further complicating effects which will be 
discussed below. 

The absorption cell was illuminated by the light from a carbon are run 
with a current of 13 amperes. It was focussed as an astigmatic bundle along 
the axis of the absorption cell by use of a suitable nonspherical lens. A dia- 
eram of the apparatus is given in Fig. 1. 


RESULTS OF ABSORPTION EXPERIMENTS 
Fig. 2 is a reproduction of a plate which shows the absorption clearly 


for the 1830, 1783 and 1642 lines. (1642 is the left hand line of the 1642-1641-— 
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Fig. 2. Absorption by iodine atoms. Spectra 1 and 3, absorption cell not illuminated. Spectrum 
) 


2, absorption cell illuminated. 

1639 group.) Others made with longer exposures are more suitable for show- 
ing the effect with lines of shorter wave-length. For this one the pressure of 
the iodine in the absorption cell was 0.2 mm and that of the argon 50 mm. 

It has been pointed out previously! that the lines which arise from transi- 
tions to the normal state of iodine are known with practical certainty in 
spite of the fact that the spectrum has not yet been completely analyzed. 
Such lines appear as members of the shorter wave-length of doublets having 
the Av of the inverted ?P term of the normal /p® configuration (transitions 
from upper levels having J's of 1 2 and 3 2) or as single lines (transitions 
from upper levels having J=5 2). All other lines must be the long wave- 
length members of doublets (transitions to the p® ?P; 2 level from upper 
levels having J's of 1 2 and 3 2) unless there be present unsuspected terms 
arising from other electronic configurations close to the p® *P term, which 
seems most improbable. In the region of the spectrum here investigated 
(2100-1514A) there are seven lines resulting from transitions to the normal 
p? *P x2 level, of wave-lengths 1830, 1783, 1642, 1618, 1583, 1527, and 1515A. 
All of these, with the exception of 1527, have been observed to show the ab- 
sorption. The result is, however, doubtful for 1583 as it is a relatively weak 
line appearing on only one plate and there showing but a very slight absorp- 
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tion. Three more lines than those given in the preliminary report of these 
experiments’ have thus been found to show the absorption. No trace of it was 
noted with nine other lines in the region investigated, all of these being the 
members of longer wave-length of doublets. 

According to the theory of optical dissociation’ only light of wave-lengths 
falling in the region of the continuous absorption (A <4995A for iodine) 
should cause dissociation. This was tested by using filters to isolate different 
regions of the spectrum of the carbon arc. The absorption etlect was obtained 
not only as expected when a filter was used transmitting light of wave-length 
less than S5100A (and some red light of X>7600 which is not strongly ab- 
sorbed by Js), but also, and indeed more strongly, when another tilter which 
transmitted only light of wave-length greater than 5100A was used. The 
pressure of the iodine was 0.3 mm and that of the argon 33 mm in both ex- 
periments. With no argon present there was only slight absorption even with 
the full radiation, presumably because of the rapid diffusion of atoms to 
the walls where they recombine. This feebleness of the effect with iodine 
alone rather severely limits the range of usefulness of the method in the detec- 
tion of iodine atoms and, in particular, makes it valueless in connection with 
experiments on the magnetic quenching. 

The result of the experiment with light of wave-length greater than 
5100A was a surprising one. Such light will upon absorption immediately 
produce excited molecules which, if isolated, reradiate the energy as fluores- 
cence, as is well known. These excited molecules do, to be sure, contain an 
excess of energy over the energy of dissociation but the strength of the 
Huorescence indicates that few, if any, dissociate spontaneously rather than 
reradiate the absorbed energy. The absorption of the atomic lines with argon 
present indicates, therefore, either that these excited molecules dissociate 
upon collision with argon atoms or that the presence of the argon merely helps 
toward the building up of a concentration of iodine atoms resulting from a 
small percentage of spontaneous dissociation. If the latter be the case the 
argon should have little influence on the fluorescence. If the former be the 
true explanation then the argon should cause a considerable quenching of the 
fluorescence and the dependence of the magnitude of this effect upon the 
state of excitation of the molecule should be of interest. 


FLUORESCENCE EXPERIMENTS 


In view of these considerations experiments on fluorescence were under- 
taken. A tube was rigidly attached to a system so that argon could be ad- 
mitted and pumped out without disturbing the optical arrangement. The 
source of the exciting light was a 400 watt tungsten lamp. The fluorescence 
light was photographed with an F3 Steinheil glass spectrograph. Exposures 
were made with argon at various pressures. Fig. 3 shows three such spectra 
on one plate chosen from several showing the same phenomenon. They were 


* Louis A. Turner and E. W. Samson, Phys. Rev. 37, 1023A (1931). 
* J. Franck, Trans. Faraday Soc. 21, part 3 (1925). 
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taken on the same plate with conditions as indicated, and also printed to- 
gether. The tinal enlarged prints all made in just the same way were then 
cut in order to place the spectra side by side. It is of interest that the spectrum 
shows a banded structure in spite of the fact that continuous light was used 
for the excitation. This results from the fact that of the many possible 
v7" transitions only a few have a relatively large transition probability, 
in particular, the 7’—>0 transitions for v >16. (See below on the electrically 
excited spectra.) The width of the bands results from the distribution of the 
molecules among the various rotation states. That such long exposures are 
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Fig. 3. Quenching by argon. (1) Fe are; (2) iodine alone, 0.3 mm, 1 hr. 50 min; (3) iodine at 
0.3 mm, argon at 11 mm, 4 hr., 45 min; (4) iodine alone, 0.3 mm, 1 hr, 20 min. 


necessary with the argon present indicates that there is an extinction of ex- 
cited molecules of all values of 7’. There is further an obvious greater quench- 
ing of the fluorescence at shorter wave-lengths. Since all absorbed energy 
must either be re-emitted as fluorescence or remain in the gas it is plain that 
the large quenching of the fluorescence indicates that the argon does have the 
effect of causing the excited molecules to dissociate. It is particularly note- 
worthy, however, that the quenching is greater for those molecules having a 
higher 7’. It appeared from visual inspection that this increase of quenching 
set in at 7’ =29 as was stated in the preliminary report’ of these experiments. 
Subsequent work on these plates with a microphotometer, following ap- 
parently contradictory results by Loomis and Fuller discussed below, has 
shown that this result is illusory, the weakening of the bands appearing to 
begin in the neighborhood of \=5710A in fair agreement with their observa- 
tions. 


S Louis A. Turner, Phys. Rev. 38, 574 (1931). 
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ELECTRICALLY EXCITED SPECTRA 


The general results of these experiments with fluorescence have been 
contirmed by other work done by the electrical excitation of the band spec- 
trum of iodine in the pure vapor and in mixtures of it with argon. The same 
high-frequency excitation as used for the absorption experiments was found 
to be suitable although the light was rather weak. The iodine was kept at a 
pressure of 0.3 mm and argon at a pressure of 5 mm was used. In order to 
have the bands at longer wave-lengths at the same strength in the spectrum 
of the mixture as they were in the spectra of the pure iodine, exposures twelve 
times as long were needed. The same general result as that of the fluorescence 
experiment was obtained. For two exposures where the blackening of the 
plate for the bands of longer wave-length was the same in both, the bands at 
shorter wave-length (higher values of 7’) were weaker in the exposure made 
with the mixture. Examination of the plates with a microphotometer showed 
that this effect apparently begins with the bands at about 5900A and not 
at shorter wave-lengths as originally judged by inspection. These exposures 
were taken with a Hilger El glass spectrograph so that the band heads are 
nicely resolved. It is of interest that the only heads appearing with any 
strength are those of the bands observed by Mecke® in absorption. In particu- 
lar for 7’ > 16, only the 7’—0 of all possible 7’—>2"’ bands appear, thus empha- 
sizing the fact of the much greater transition probability for the v’—0 transi- 
tions. 

DisctUssioN OF EXPERIMENTS 


The fluorescence experiment is merely a refinement of one done many 
vears ago by Franck and Wood." They observed the quenching of the iodine 
fluorescence by various gases including argon and noticed a reddening of the 
fluorescence light which corresponds to the greater quenching of the light of 
shorter wave-lengths noted above. Professor Franck suggested that the 
quenching might be the result of dissociation and that the reddening" was 
the result of the loss of vibrational energy excited molecules by collisions of 
the second kind with atoms of the admixed gas. The recent work of Heil™ 
demonstrates the occurrence of this process in various molecules including 
iodine. Without additional hypothesis, however, this explanation does not 
suffice to account for the setting-in of increased quenching at any particular 
value of v’. It was for this reason that the author suggested’ that these ex- 
periments gave evidence for an enhancement of a predissociation process by 
collision. Since the increase of quenching now appears to be not nearly so 
sudden as it originally seemed, this hypothesis might be considered question- 
able were it not for the experiments of Loomis and Fuller’ on the absorption 
of mixtures of iodine with various gases. They found that with increase of 


* R. Mecke, Ann. d. Physik (4) 71, 104 (1923). 

J. Franck and R. W. Wood, Phil. Mag. (6), 21, 314 (1911). 

"J. Franck, Ergebnisse der Exakten Naturwissenschaften 2, 118 (1923). 
"QO, Heil, Zeits. f. Physik 74, 18 (1932). 

' FW. Loomis and H. Q. Fuller, Phys. Rev. 39, 180 (1932). 
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pressure of the admixed gas of various sorts, including argon, the absorption 
of light from a continuous background was relatively greater for wave- 
lengths corresponding to v’>12. They attributed this increased absorption 
toa relatively greater broadening of the absorption lines.'* This broadening of 
the lines is what is observed in ordinary predissociation phenomena and corre- 
sponds to the shortening of the life of the molecule in the excited state. Loomis 
and Fuller independently arrived at the idea of predissociation caused by 
collision, their evidence being more convincing. 

There remains the question as to why the collisions should produce pre- 
dissociation. The author is not competent to develop a mathematical theory 
of the effect but would like to present for consideration an amplification of the 
suggestion previously made.* It has been pointed out?’ that there is a possi- 
bility of the occurrence of an ordinary natural predissociation in iodine 
vapor. The probability of it must be very small because the lines of the 
band spectrum of iodine are sharp. It would presumably have its probability 
increased by any influence which would tend to break down any of the selec- 
tion rules. One of these is that J does not change, which is simply a quantum 
formulation of the law of the conservation of angular momentum, obviously 
applicable to a radiationless transfer in an isolated molecule. This principle 
should also be applicable to the more complicated system made up of an 
iodine molecule and an additional argon atom. The angular momentum of 
this system before collision can be conveniently thought of as being composed 
of the angular momentum of the iodine molecule about its own center of 
gravity plus that of the molecule and argon atom with respect to the center 
of gravity of the whole system. After collision and dissociation there will be 
three separate atoms and the total angular momentum will be the same. The 
part of it which can be thought of as associated with the motion of the two 
iodine atoms with respect to their mutual center of gravity need not, how- 
ever, be the same as it was before the collision in order that the total angular 
momentum remain constant. The iodine molecule presumably loses its sepa- 
rate identity at the collision. This virtually amounts to a breaking down of 
the J selection rule of the predissociation which would tend to make the 
process a more probable one. A more detailed analysis might show that an 
initial probability for predissociation in the iodine molecule is not necessary, 
although it is difficult to see how an atom like one of argon in a 'S state could 
produce a change of the electronic states of the combined temporary triatomic 
molecule which would permit predissociation transitions otherwise impossi- 
ble. 

Since these fluorescence experiments with excitation by white light are 
very complicated in that excited molecules of all different vibration and 


4 The author has found in conversations that there is considerable confusion about this 
matter. If k, be the absorption coefficient at frequency v for a single line the absorbed energy 
will be represented by E = Jofo*(1 —e~*»')dv. Even though /o*k,dv remains constant upon adding 
a foreign gas / will not necessarily do so. A simple consideration shows that if there is greater 
absorption at the center of the line, the total energy absorbed will be increased with a broaden- 
ing of the line even though /o*k,dv remains constant. 
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rotation quantum numbers are produced it seemed advisable to proceed next 
toa study of the quenching by argon and other gases of the fluorescence ex- 
cited by approximately monochromatic radiation. Such work has been in 
progress here during the past vear but is not vet completed. Various compli- 
cating factors, the importance of which was not realized at the outset, have 
had to be taken into account. The transfer effect, i.e., the loss of vibrational 
energy upon collision is more probable than was at first realized, the reabsorp- 
tion of the fluorescent light in the tube must be considered, the widening 
of the absorption lines changes the amount of energy absorbed from the beam 
of exciting light and this must be measured in order to make the measured 
apparent quenching be of significance,” the auto-quenching by other iodine 
molecules is also of sufficient magnitude to influence the results. Clean-cut, 
significant quantitative results concerning the effect of the added gas are 
thus difficult to get and it remains to be seen what the tinal degree of success 
in the experiments will be. 

For his skill and perseverance my thanks are due to my former assistant, 
Dr. E. W. Samson, who did practically all of the experimental work here re- 
ported. 


Note added in proof, August 13, 1932. A recent paper by V. WKondratiew 
and L. Polak (Zeits. f. Physik 76, 386 (1932)) describes experiments showing 
the influence of added oxygen on the absorption spectrum of bromine vapor 
and NOs. They also suggest the occurrence of predissociation produced by 
collision with bromine and show that the oxvgen added to NOs» increases the 
predissociation already present with NO» alone. The present author suggests 
that the effects observed with iodine and perhaps also with bromine may well 
be of this latter sort, the natural predissociation being, however, much less 
prominent. 


6 The importance of this consideration in such work has recently been emphasized by L. v. 
Hamos, Zeits. f. Physik 74, 379 (1932). 
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Reflection of Thallium, Lead, and Antimony Atoms from 
Sodium Chloride Crystals 


By J. M. B. KeEtLoce 
Department of Physics, State University of Iowa 


(Received July 13, 1932) 


The reflection of atomic beams of thallium, lead, and antimony from a freshly 
cleaved surface of a crystal of sodium chloride has been studied by means of a deposit 
method. The beams of thallium and lead are in part scattered at random and in part 
retlected so that the angle of reflection is equal to the angle of incidence. Antimony 
incident at a large grazing angle is reflected so that the reflected beam makes a larger 
angle with the normal than the incident beam. It is suggested that the direction of this 
deviation may be qualitatively accounted for on the basis of the ideas of Duane and of 
Williams on the interchange of momentum between the incident particle and the 
crystal, 


INTRODUCTION 


LTHOUGH the experiments of Stern and his collaborators'?* on the 
reflection of hydrogen and helium from sodium and potassium chloride 
crystals, and of Johnson‘ on the reflection of atomic hydrogen from lithium 
fluoride show the existence of surface diffraction phenomena, the experi- 
ments on the reflection of atomic beams of the metallic elements are so far 
not susceptible of such explanation. The specular reflection of beams of 
cadmium, zinc, and tetra-atomic arsenic from sodium chloride has been 
reported,’* and the existence of a directed beam of atomic mercury after 
reflection from certain of the alkali halide crystals has been verified in con- 
siderable detail.’ However, mercury is scattered at random from a crystal of 
potassium iodide? and no evidence of a specular beam can be found for 
cadmium retlected from orthoclase or fluorite.6 Furthermore, Ellett and Olson,* 
and Taylor® have reported random scattering of certain of the alkali metals 
from sodium chloride. 

There is no obvious explanation of this difference in behavior of different 
metallic atoms scattered from the same crystals, or of the same atoms 
scattered from different crystals, and it therefore seemed desirable to extend 
the work to other metals. In particular it was desired to obtain data on the re- 
fection of thallium, for it was thought possible that the difference in be- 


1 Knauer and Stern, Zeits. f. Physik 53, 779 (1929) 

* Estermann and Stern, Zeits. f. Physik 61, 95 (1930). 

® Estermann, Frisch, and Stern, Phys. Zeits. 32, 670 (1931). 
4 Johnson, Phys. Rev. 37, 847 (1931). 

> Ellett, Olson and Zahl, Phys. Rev. 34, 493 (1929), 

6 Zahl, Phys. Rev. 36, 893 (1930). 

7 Zahl and Ellett, Phys. Rev. 38, 977 (1931). 

’ Ellett and Olson, Phys. Rev. 31, 643 (1928). 

* Taylor, Phys. Rev. 35, 375 (1930). 
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havior of the alkali metals and of zine, cadmium, and mercury might be 
attributed to the difference in their magnetic moments. Thallium has the 
same magnetic moment as the alkali metals. 


APPARATUS 

A condensation method of detection of the beam was used throughout. 
The atomic vapor emitted from an orifice in a small steel boiler was defined 
by a circular slit, and, after reflection from the crystal, collected on a liquid 
air cooled glass surface. In the earlier runs the boiler, or gun, was heated by 
currents induced in it by means of high-frequency current circulated in a 
surrounding water cooled coil. This coil was made as small as possible and 
introduced into the experimental tube itself in order to minimize the heating 
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Fig. 1. Experimental arrangements. 


effect on the metal of the beam defining slit S. and on the metal deposit 
formed above the gun during a run. However, this method proved to be 
rather unsatisfactory, for when the vapor pressure of the metal issuing from 
the boiler reached a value sufficiently large to permit detection of the beam, 
a discharge would start above the gun. This discharge rapidly worked down 
the coil and across the lead in wires. The pressure in the experimental tube 
during this time increased greatly. 

Fig. 1 shows the final arrangement of the apparatus. The boiler, a steel 
cylinder 6 mm in diameter and 33 mm long, fitted into a quartz tube about 
which a heater of 20 mil tungsten wire was wound. The metal under investiga- 
tion was inserted into the boiler from the top and a plug containing the boiler 
orifice forced in. When empty the boiler may be thrown away and a new 
one inserted. With two radiation shields, Ri and Ro, Fig. 1, a boiler tempera- 
ture of 1100°C could be reached with a heater input of 45 watts. Thermocou- 
ples attached to the top and bottom of a dummy boiler showed the top to be at 
a temperature only slightly lower than the bottom. This difference, about 
3°C, was not sufficient to cause any condensation in the boiler orifice, or to 
change the vapor pressure by more than a small amount. 
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In all the runs the crystal was kept at 350°C. As usual, the upper limit 
for crystal temperature was set by the temperature at which distortion and 
disintegration of the crystal set in. The lower limit was set in this work by the 
tendency of the metals to condense on the crystal surface itself. 

The dimensions of the apparatus used in the runs on thallium and anti- 
mony were as follows: boiler orifice S; to beam defining slit S., 10cm; slit to 
crystal, 2 cm; crystal to collector, 2 cm. The aperture defining the beam was 
circular and 2 mm in diameter; the boiler orifice was also circular, and 1 mm 
in diameter. For lead, the beam-defining slit and the gun aperture were 1 
mm, and 0.7 mm in diameter, respectively. 

Although the angles of incidence and reflection of the beam were not 
determined with a precision greater than + 2°, the position of a specular spot 
could be ascertained quite accurately by sighting through the collecting sur- 
face at the image of the gun opening in the crystal. This position was then 
marked on the collector, and, after a run, compared with the position of 
the center of the deposit obtained. 


RESULTs 
1. Reflection of thallium from sodium chloride 
Table I shows the results obtained, ao being the grazing angle of the inci- 
dent beam and a the grazing angle of the reflected beam as measured to the 
center of the deposit formed by the condensed reflected atoms. 7 is the gun 


temperature in degrees C, P the vapor pressure of the metal in mm of Hg, 
L the length of the run in minutes, and D the diameter of the spot in cm. 


TABLE I. Thallium reflected from sodium chloride. 




















T P ZL ao Qa D 
800 Bi: 25 50 50 1.3 
800 By 30 44 44 BR, 

750-800 0.9-1.7 60 46 46 3 
800 4 10 25 25 1 
890 5 1.5 


20 23 23 








Due to the rather large diameter of the spots it is not possible to conclude 
that the reflected beam was accurately specular, but there can be no doubt 
of the existence of a beam at or quite near the specular position. The size of 
the deposit could be reduced by shortening the length of run, but only at 
the expense of density of the deposit. In the second and fourth runs the spot 
had well-defined borders, but in the other runs the confines were marked 
only by a rapid shading. A background apparently formed by a cosine distri- 
bution was evident in all cases. Thallium oxidizes readily, and the deposit 
disappeared rapidly on exposure to air.'" 


2. Reflection of lead from sodium chloride 


Lead is also scattered from sodium chloride with the angle of reflection 
equal to the angle of incidence. Table II gives the results of five runs. In all 


10 Gerlach, Ann, d. Physik 76, 179 (1925). 
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runs but the tirst the deposit required development. This was done by the 
method of Estermann and Stern.'! After the run the liquid air is removed from 
a trap, and the mercury vapor which enters the crystal chamber condenses 
preferentially on the slight deposit of lead already present on the glass, thus 
rendering the deposit more easily visible. 


TaBie Il. Lead reflected from sodium chloride. 


T P z ay a D 
1010 1.3 45 32 32 1.4 
1000 . 2 20 45 45 

870 0.2 30 44 44 
S00 0.05 30 45 45 1.5 

750 0.002 180 45 45 1.8 


Considerable dithculty was experienced in keeping the lead from con- 
densing on the crystal face. In the first two runs this deposit was quite notice- 
able, while in the next, with the vapor pressure cut down to 1. 6 its former 
value, the deposit on the crystal was barely visible. No explanation of the 
formation of a specular beam by reflection from a crystal coated with a 
metallic film can be offered here, unless it be that the formation of the specu- 
lar deposit had started before the crystal became coated. 

It is to be expected from the results of Chariton and Semenoff™ that for a 
given crystal temperature there should exist a critical beam density below 
which reflection may be obtained without condensation on the crystal. This 
expectation was borne out by the results of the last two runs, for with the low 
Vapor pressures used, a specular deposit was obtained, while no evidences 
of a deposit on the crystal appeared. 


3. Reflection of antimony from sodium chloride 


The results for antimony definitely show the existence of a directed rather 
than a specular beam. The details are given in Table IIT. In a consideration 
of the third and fourth runs it should be remembered that although the 
actual values of the angles ao and a were not known to within 2 or 3 degrees, 


TABLE IIT. Antimony reflected from sodium chloride. 


i P L ay a D 
825-850 1-1.8 10 +9 41 1 
880 4 15 50 40 0.5 
780 0.6 25 22 24 1 
2.3 20 26 25 1.3 


800 








any displacement of the center of the deposit from the position which would 
be occupied by a strictly specular beam could be determined. On the other 
hand, the center of a deposit is not necessarily the region of maximum den- 
sity of the deposit. Consequently no great weight can be attached to the slight 


'' Estermann and Stern, Zeits. f. physik. Chem. 106, 399 (1923). 
® Chariton and Semenoff, Zeits. f. Physik 25, 287 (1924). 
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deviation of the beam from the specular in these runs. Any attempt to do so 
would be further complicated by the existence of the ever present back- 
ground of randomly scattered atoms. If this background is intense enough 
to produce any shift in the apparent position of the deposit, it will be in a 
direction towards the normal. This is just the shift found to occur here. 

However the shifts in the first two runs made at grazing angles of 49° 
and 50° are real. These deviations are of the order of 8 or 10 degrees and ina 
direction away from the normal. 


DISCUSSION 


Zahl and Ellett’ pointed out in their paper on the scattering of mercury 
by the alkali halides, that a deviation of the reflected beam from the specular 
path may be accounted for on the basis of the ideas advanced by Duane," 
Compton,'* and Williams." It is assumed that momentum is transferred from 
an incident particle to the erystal in quanta and only in directions parallel 
to the principal axes of the crystal, and that an energy interchange takes place 
between the particle and the crystal. The mass of the crystal to be considered 
in applying the laws of conservation of momentum and energy is not the 
mass of the entire crystal, but only of that portion of it which scatters co- 
herently, 1.e., as a rigid body. Thus the larger the portion of the crystal scat- 
tering coherently, the less will the reflected beam deviate from the specular 
path. This is in accord with the experimental evidence of Zahl and Ellett. 
For as they point out, it is to be supposed that at higher crystal temperatures 
the increased thermal agitation would decrease the size of the part of the 
crystal which scatters coherently, and consequently increase the deviation 
of the path of the reflected beam from the specular, which was precisely the 
result obtained. 

Furthermore, their results show that in every case in which a directed 
beam was observed, the direction of the reflected beam makes an angle with 
the normal smaller than would be made by a strictly specular beam. The 
present results for antimony show a directed beam making an angle with the 
normal larger than the specular. However, the corrected data on the reflected 
beams of mercury atoms were taken at rather small grazing angles of inci- 
dence (less than 22°), while the grazing angle of incidence for the antimony 
beam was 50°. This difference in the direction of deviation of the two atomic 
beams may be accounted for if it is further assumed that, given the same 
impulse, the portion of the crystal which scatters coherently is equally likely 
to absorb momentum in each of the three preferred directions. For these 
considerations require that a particle incident on the crystal almost normally 
should lose more momentum in the normal than in the tangential direction, 
and consequently experience a greater decrease in velocity in the normal than 
in the tangential direction. As a result the particle will be deflected from the 
specular position in a direction away from the normal. This is in agreement 


'® Duane, Proc. Nat. Acad. Sci. 9, 158 (1923). 
4 Compton, Proc. Nat. Acad. Sci. 9, 359 (1923). 
1 Williams, Proc. Camb. Phil. Soc. 24, 343 (1928). 
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with the results obtained for antimony. On the other hand a particle incident 
at a small grazing angle should lose more momentum in the tangential than 
in the normal direction. Reasoning exactly similar to that above then leads 
to the conclusion that in this case the particle will be deflected toward the 
normal, which is in accord with the experiments on mercury. 


In conclusion the writer wishes to acknowledge his indebtedness to Pro- 
fessor A. Ellett who proposed the problem, and to express his appreciation 


for the advice and many helpful suggestions advanced throughout the course 
of the work. 
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The Electrical Resistance and the Critical Point of Mercury 


By Francis Bircu 


Harvard University 
(Received July 22, 1932) 


Values are given for the relative resistance, the instantaneous pressure coefficient 
of resistance and the instantaneous temperature coefficient of resistance of liquid 
mercury in the region between 0° and 1200°C, and 1 and 4000 atmospheres. All of 
these quantities increase with rising temperature and decrease with rising pressure 
in this region. With the assumption that the resistance must be a continuous function 
of the temperature, for pressures higher than the critical pressure, the critical con- 
stants of mercury have been determined as 1460 + 20°C and 1640 +50 kg/cm*. 


INTRODUCTION 


HE resistivities at atmospheric pressure of a large number of liquid 

metals have been measured by various writers, including de la Rive,' 
Vincentini and Omodei,? Northrup,’ Tsutsumi,‘ and Matsuyama.® The re- 
sistance of eight liquid metals, including the alkali metals, has been measured 
by Bridgman® at high pressures up to 100°C. It appeared of interest to ob- 
serve the conductivity of a liquid metal over a larger proportion of its region 
of existence, combining high temperatures with high pressures. The metal 
chosen was mercury for the obvious reasons of accessibility of the liquid phase 
and unusual chemical purity. Still another reason was this: not only are the 
melting and boiling points of mercury at atmospheric pressure readily attain- 
able, but there was cause to believe that its liquid—vapor critical point would 
also be within reach. 

From general considerations, one would expect that above the critical 
pressure increase of temperature at constant pressure would be accompanied 
by a continuous change of resistivity ; below the critical pressure, the phenom- 
enon of boiling is possible with a discontinuous change of resistivity. This 
seems so certain that it may be accepted as a criterion for detecting the criti- 
cal point, and its application leads to the values 1460°C and 1640 kg ‘cm? 
for the critical temperature and pressure. 


DESCRIPTION OF APPARATUS 


The pressure apparatus consisted of three steel cylinders and a pump; 
two of the cylinders contained moving pistons and were used to produce the 
desired pressure in the third or test cylinder. Details of the pressure tech- 


1 De la Rive, Arch. des Sci. Phys. (Geneva) 17, 362 (1863). 

2 Vincentini and Omodei, Atti. Acc. Soc. Torino 25, 90 (1889). 

’ Northrup, Jour. Frank. Inst. 177, 1,287 (1914); 178, 85 (1917). 
* Tsutsumi, Sci. Rep (Tohoku) 7, 93 (1918). 

® Matsuyama, Sci. Rep. (Tohoku) 16, 447 (1927). 

6 Bridgman, Proc. Am. Acad. 56, 61 (1921). 
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nique may be found in the papers of P. W. Bridgman.? The pressure fluid in 
the test evlinder and the connecting system was nitrogen, the pump and its 
system using a mixture of glycerine and water. In the test evlinder was placed 
a small furnace made of concentric tubes of fused quartz, with helical wind- 
ings of molybdenum wire. The mercury to be studied was placed in the 
innermost tube; next came a thermocouple, then a quartz tube for insulation, 
then the first heating coil, another quartz tube and finally another furnace 
winding. These tubes were all open at one end so that the pressure acted on 
both sides of the quartz walls. This furnace was assembled in a thin-walled 
steel tube, the spaces filled with zirconium oxide to act as a thermal insulator 
and to reduce convection in the nitrogen, and placed in the test evlinder. 
Electrical connections were made through a plug with six insulated conduc- 
tors, the plug being held down by a large screw at the top of the cylinder. 

The resistance of the mercury was measured in two ways, with a Carey- 
Foster bridge, and with a null-substitution potentiometer method. The re- 
sults with these two methods, which involve different corrections, were in 
good agreement. When the bridge is emploved, the resistance of the entire 
circuit is measured, including that of the mercury at the desired temperature, 
of some mercury at lower temperatures, of the leads, contacts and so on. 
In order to reduce the extraneous resistance to as small a fraction as possible, 
the mercury container was drawn down to a fine constriction for about 1 
cm near its center; this constricted portion was placed in the hottest part of 
the furnace, and its resistance when filled with mercury at room temperature, 
was about ten times that of the rest of the circuit. As the temperature of the 
furnace increased, the resistance of the rest of the circuit increased, but not 
so fast as that of the constricted portion. Special runs gave a sufficiently ac- 
curate knowledge of this increase of lead resistance with furnace temperature 
to permit a correction, with a final uncertainty from this cause not exceeding 
one percent. 

The use of the potentiometer demanded the construction of a four-ter- 
minal conductor. This was accomplished by passing fine quartz tubes inside 
the mercury container from the two ends, up to the constricted portion. The 
threads of mercury inside these fine tubes were thus insulated from the 
mercury cylinders be. ween the fine tubes and the walls of the mercury con- 
tainer. The former served as potential leads, the latter as current leads. The 
resistance of the leads being eliminated by this method, the constricted por- 
tion of the container could be very short, with correspondingly decreased 
temperature difference over the important region. 

Contact with the mercury must of course be made somewhere with solid 
wires, so that thermal electromotive forces are introduced if the contacts are 
at different temperatures. The contacts were therefore removed as far as 
possible from the furnace, by the use of mercury containers about 18 cm 
long with the contacts near the ends. The remaining thermal e.m.f. was elimi- 
nated when using the bridge by keeping the galvanometer circuit permanently 
closed and reading from a false zero on application of the bridge current. 


7 See for example, P. W. Bridgman, The Physics of High Pressure, Macmillan. 
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When using the potentiometer, it was necessary to take readings with the 
current reversed, adopting the mean value. 

The furnace generally consisted of two concentric windings of 0.010 inch 
molybdenum wire, the inner one of about 5 feet of wire wound closely on a 
tube of one-quarter inch diameter, so that the length of the winding was 1.5 
inches, the outer one wound on a tube fitting closely over the inner, of about 
12 feet of wire forming a coil 2.5 or 3 inches long. With these two windings 
connected in parallel, a current of 5 amperes was sufficient to give tempera- 
tures of the order of 1200°C. This temperature existed in a small region which 
included the junction of the thermocouple and the constricted portion of the 
mercury container if this was made sufficiently short. 

The chief difficulty in using a thermocouple in the interior of a high pres- 
sure cylinder is to bring the fine wires of the thermocouple to the exterior 
through the pressure packing, especially in the case of couples of platinum 
and its alloys. If this can be done, the cold junctions may be kept at 0°C and 
the only uncertainties are those arising (1) from the effect of pressure on the 
thermal e.m.f. and (2) from the effect of stress gradients combined with tem- 
perature gradients in those parts of the wires in the packing. The uncertainty 
from the first of the causes should not exceed 8° at 1200°C and 4000 atm.® for 
the couple employed, of platinum and platinum-10 percent rhodium. The 
second effect cannot be estimated but is certainly quite small. 

Electrical connections between the inside and outside of the test cylinder 
were made by means of suitably insulated and packed steel conductors, situ- 
ated in the plug at the top of the cylinder. A special device was employed for 
the thermocouple leads. Two of the steel conductors, which were about 3 
inches long, were drilled with a 0.030 inch drill to within one-quarter inch of 
the ends which extended inside the cylinder; the holes were completed with 
a 0.013 inch drill. Wires of platinum and of platinum-10 percent rhodium, 
0.010 inch in diameter, were passed one through each of these conductors 
and soldered at the inner ends, in the fine holes; for the rest of the length 
they were insulated from the steel by thin glass tubes. When the thermo- 
couple on the inside was soldered to these leads the thermoelectric circuit 
was perturbed only by the contact over a small regie. of each wire with a 
mass of steel and solder, itself completely insulated from everything else. So 
long as the temperature was uniform over these contacts, no additional 
e.m.f. was introduced, and the steel pieces were sufficiently large, and far 
enough removed from the furnace so that this condition was very closely sat- 
isfied. 

The electromotive force of the couple was measured with a Leeds and 
Northrup potentiometer and a Pye galvanometer, the combination being sen- 
sitive to 1 microvolt, corresponding with this couple to one-tenth degree. The 
pressure in the test cylinder was given by the change of resistance of a man- 


5 P. W. Bridgman, Proc. Am. Acad. 53, 346 (1918). These measurements extend only to 
100°C, for platinum alone; the temperature coefficient of thermal e.m.f. seems to decrease, how- 
ever, as the temperature rises. The assumptions are made that it remains constant up to 1200°, 
and that the coefficient of platinum-rhodium has the same sign. 
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ganin gauge coil, placed in a separate steel block connected by a pipe which 
passed through the water bath surrounding the test cylinder. The tempera- 
ture of the gauge coil was independent of the temperature of the furnace; 
and the pressures may be considered exact to within 10 kg /em?. 


ELECTRICAL RESISTANCE 
Tables I, If and III contain the smoothed results of a large number of 
independent runs, using different mercury containers, different methods of 


TABLE I. Relative resistance of liquid mercury. 


eC p=0 500 1000 2000 3000 4000 kg cm® 
0 1.00 0.985 0.97 0.94 0.91 0.89 
100 1.10 1.08 1.006 1.02 0.99 0.97 
200 | 1.21 1.18 1.16 1.12 1.08 1.04 
300 | 1.35 1.32 1.28 1.23 1.18 1.13 
400 1.46 1.42 1.36 1.30 1.24 
500 1.65 1.59 1.51 1.43 1.36 
600 | 1.89 1.80 1.69 1.60 1.51 
700 2.19 2.06 1.91 1.79 1.67 
soo | 2.61 2.40 2.18 2.02 1.86 
900 | 3.11 2.83 2.51 2.30 2.11 
1000 3.90 3.48 2.96 2.68 2.43 
1100 4.95 4.38 3.56 3.11 2.82 
1200 4.53 3.77 3.31 
1300 4.65 4.04 


TABLE II. Instantaneous pressure coefficient of resistance. (1 w)(dw Ap)p- 10°. 





rc | p=0 500 1000 2000 3000 4000 kg cm? 
0 3 3 3 3 3 3 
100 4 4 3 3 3 3 
200 4 4 4 4 4 4 
300 5 5 4 4 4 
400 6 0 4 4 4 
500 7 7 5 5 5 
600 10 Y 6 0 0 
700 14 11 7 7 7 
800 7 14 8 8 7 
900 21 17 10 9 8 
1000 26 20 12 10 9 
1100 33 24 17 13 10 
1200 24 15 11 
1300 18 12 





| 
| 
' 


TABLE III. Instantaneous temperature coefficient of resistance. (1 w)(dw dT)p- 104. 





eC | p=0 1000 2000 3000 4000 kg cm? 
0 9.5 9.0 8.5 7.5 7.5 
100 10.5 10 9 8 7.5 
200 13.5 12 10 9 8 
300 14.5 13 12 10 9 
400 15 13 12 11 
500 18 16 15 13 
600 24 19 17 15 
700 30 23 20 17 
800 38 28 24 21 
900 53 37 31 26 
1000 82 56 45 39 











} 
| 
| 
| 
| 
| 
| 
| 
| 
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measuring the resistance and different furnaces and thermocouples. The runs 
were all made at approximately constant pressure, varying the temperature 
from room temperature to the maximum desired and retracing the curve 
on cooling. The values of resistance are all relative to the value for 1 atmos- 
phere (zero gauge pressure) and 0°C. The change of dimensions of the quartz 
mercury container is neglected; such data as are available indicate that the 
correction due to thermal expansion and compressibility of the quartz would 
not exceed one-third of 1 percent at 4000 atmospheres, which is less than the 
other uncertainties. At 1100°C, the various runs agree to within 3 percent; 
at lower temperatures, the uncertainty is smaller, probably not exceeding 
one-half percent below 500°C. 
¥ 
CRITICAL POINT 

A rather extensive literature has grown up concerning the critical con- 
stants of mercury, including experimental and theoretical attacks upon the 
problem. A bibliography which I hope is complete is given below.’ Esti- 
mates of the critical constants by comparison of the vapor-pressure curve of 
mercury with that of argon were given by Happel™ as 1100°C and 456 atm., 
by Ariés'§ as 1080°C and 420 atm.; using another method, van Laar' obtained 
900°C and 179 atm. Observations up to 1430°C failed, however, to disclose 
the critical point. Bernhardt™ traced the boiling curve of mercury to 1435°C 
and 2000 atm., concluding that the critical point lay at a still higher tempera- 
ture and pressure. Since my measurements lead me to conclude that the 
critical constants are about 1460°C and 1640 atm., a brief comparison of my 
method with that of Bernhardt seems desirable. 

The apparatus which I used for detecting the critical point was essentially 
the same as that already described for measuring the resistance, except that 
the mercury container was made still smaller, permitting a more efficient 
furnace assembly, and the external circuit connected in series with the mer- 
cury column consisted simply of a milliammeter, a resistance of about 150 
ohms and a dry cell. As the temperature approaches the critical temperature, 
the rate of increase of electrical resistance with temperature becomes so rapid 


® Cailletet, Colardeau et Riviére, C. R. 130, 1585 (1900). 

10 Strutt, Phil. Mag. 4, 596 (1904). 

" Traube and Teichner, Ann. d. Physik 13, 620 (1904). 

® Happel, Ann. d. Physik 13, 351 (1904). 

8 Koenigsberger, Chem. Ztg. 36, 1321 (1912). 

Menzies and Smith, Amer. Chem. Soc. 32, 1432 (1910). 

1 Menzies, Amer. Chem. Soc. 35, 1085 (1913); 41, 1783 (1919). 
‘6 Thorpe and Rucker, Journ. Chem. Soc. 35, 1065 (1913). 

17 Bender, Phys. Zeits. 16, 246 (1915); 19, 410 (1918). 

8 Ariés, C. R. 166, 334 (1918). 

19 Van Laar, Versl. K. Ak. van Wetensch. 25, 1498 (1917). 

20 Rassow, Zeits. f. anorg. Chem. 114, 117 (1920). 

21 Walden Zeits. f. anorg. Chem. 112, 1087 (1920). 

2 Weber, Comm. Phys. Lab. Leiden, Supp. 43 to Nos. 145-156, p. 23 (1920). 
*3 Meyer, Phys. Zeits. 22, 76 (1921). 

** Bernhardt, Phys. Zeits. 26, 265 (1925). 
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that the use of a bridge for measuring the resistance is not practicable unless 
the temperature can be maintained constant to within a small fraction of a 
degree. This was not possible under the conditions of this experiment, so 
the following procedure was adopted. The pressure being approximately 
constant, and having any desired value, the mercury was heated slowly and 
the current through the milliammeter was observed. At low temperatures, 
this current was about 10 milliamperes, for the resistance of the mercury 
cold was a few hundredths of an ohm (there was no constriction in the mer- 
cury containers used for this purpose). If the pressure was low enough to 
permit boiling, then at a well-defined temperature, the current fell brusquely 
to the zero of the instrument, indicating a relative resistance of the vapor of 
not less than 10°. In this way the boiling curve was traced, up to a certain 
pressure above which the character of the phenomenon became quite dif- 
ferent. At 1640 atm.,and at higher pressures, the fall of the current was no 
longer abrupt; as the temperature increased the current decreased, first 
slowly, then rapidly, but permitting readings of current and temperature to 
be taken up to temperatures well beyond the prolongation of the boiling 
curve, where the current was not vet zero, nor in fact less than abuot 1 10 
m.a. 

It may be objected that the small residual current at these high tem- 
peratures was due to conduction by the quartz container. I think that the 
resistivity of the quartz is not of the right order of magnitude. If we suppose 
it to be about 10° ohms/cm* at 1500°C, which does not seem too high, then 
the current from a 1.5 volt cell through a section 5 mm long of a tube with a 
1 mm bore and 2 mm outside diameter, will be about 10°° amperes. But the 
smallest current observed was about 10°‘ amperes, so that conduction by the 
quartz does not explain even the residual current at the highest temperatures, 
and a fortiori, does not account for the larger currents observed at slightly 
lower temperatures. Furthermore, conduction by the quartz would not be 
expected to vary greatly with a change of pressure from 1500 to 1700 atm., 
whereas the nature of the phenomenon changes completely in this region. 

Additional weight to the interpretation of this behavior as indicating 
the critical region is provided by comparison of the current-temperature 
curves at different pressures above 1600 atm. It would be expected, I think, 
that these curves would move toward higher temperatures and tend to flatten 
out as the pressure increased. This is in fact the case, at 2040 atm. the drop 
from 10 to 0.1 milliampere is spread over about 70°, whereas at 1750 atm. 
it takes place in about 40° and at 1640 atm. in 15°. At 2040 atm., the resistiv- 
ity still increases about 100 times between 1520° and 1540°. 

The last remark leads to an explanation of the effect observed by Bern- 
hardt, who heated a thin cylinder of mercury by passing a low-voltage alter- 
nating current through the mercury itself, detecting boiling up to 2020 atm. 
by oscillations of the heating current and constancy of the temperature. But 
oscillations would also be observed under these circumstances if the resistance 
increased notably in any small temperature range, and this is what I have 
observed in the region above 1600 atm. The heating of the mercury in my 
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apparatus was independent of the resistance of the mercury, so that it was 
possible to reach temperatures which could not be obtained, without arcing 
or using a high-voltage source, by passing a current through the mercury it- 
self. Bernhardt’s temperatures for the boiling curve are also slightly different 
from mine, being generally lower by about 20-30°. A variety of causes may 
be responsible for this, in particular the fact that Bernhardt’s thermocouple 
made connections with steel conductors on the inside of the pressure cylinder. 
The temperature of the junctions could only be estimated and the error on 
these estimates enters directly in the final temperature. 

It is difficult to give the resistivity corresponding to any given current 
through the mercury, because the length of the mercury column at the maxi- 
mum temperature is not known. Using a mercury container with a very 
short constricted section, and a potentiometer, a few fairly precise values were 
obtained for the higher pressures, which could be used to obtain approximate 
values in the critical region. These are tabulated in Table IV, along with 
some measurements of Northrup” on the resistance of the vapor at 1 atm. 
The resistances are given relative to the resistance of the liquid at 0°C and 
1 atm. 


TABLE IV. Relative resistance of mercury, times 10>, 


re 1 atm. 1640 1750 1870 2700 
900 250 

1000 125 

1100 | 75 — In this region, see Table I. 

1200 35 

1300 19 

1400 7 0.00002 0.000009 
1500 3 0.12 0.08 0.0006 0.000017 
1600 | 0.06 


It will be remarked that whereas the resistance of the vapor at 1 atm. 
decreases with rising temperature, the resistance at pressures well above the 
critical pressure increases with rising temperature, as does that of the liquid. 
Somewhere in between must be a region of resistance independent of the 
temperature. 


CONCLUDING REMARKS 


The variation of resistance of liquid mercury with pressure and tempera- 
ture does not follow any simple law, nor is the resistivity simply related to 
the specific volume, so far as can be judged from the volume data available. 
Above 100°C, the specific volume is known only along the boiling curve, from 
the work of Bender.'’ Along this curve, the resistivity of the liquid increases 
much faster than does its volume. 

The critical constants, as determined by the continuous variation of re- 
sistance with temperature at constant pressure, are 1460+ 20°C and 1640 
+50 kg/cm*. These values are consistent with the data of Bender for the 
density of mercury and with the critical temperature deduced by Meyer" 


*% Northrup, Jour. Frank. Inst. July, 85 (1914). 
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from the temperature variation of surface tension. In conjunction with 
the data of Bender, the critical density is found to be about 5.” The critical 
pressure is much higher than any predicted by comparison with ordinary 
gases, leading to a value of the ratio R7\., p.v, equal to 2.18. This is lower than 
the corresponding ratio for any substance hitherto studied, van der Waals’ 
equation giving 2.66, while for hydrogen it is 2.86 and for most substances 
greater than 3. 
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The Bearing of the Earth’s Internal Magnetic Permeability upon 
the Self- and Mutual Inductance by Coils 
Wound on its Surface 
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The paper comprises the solution of the following problems: 1. The mutual induc- 
tion of two parallel circular loops wound as small circles upon the earth in such a 
manner that their distance apart is equal to their radius. The mutual induction varies 
from 2.8 henries for a permeability unity to 11 henries for infinite permeability. 
2. The self-induction of a circular loop wound as a small circle upon the earth and of 
radius equal to half that of the earth. The self-induction varies from 79.8 henries for 
unit permeability to 167 henries for infinite permeability. 3. A solution is given for 
the self-induction of a single circular coil situated parallel to and at a distance h 
above an infinite medium of permeability «~. Data are given, showing the mag- 
nitude of the effect of the permeability for different distances of the coil from the 
plane. +. The mutual induction of the coils considered in problem (1), and the self- 
induction for the coil considered in problem (2), are calculated for a case where the per- 
meability of the earth varies from unity at its surface to infinity at the center. A 
fairly general formula, applicable to different degrees of rapidity of variation is de- 
veloped for this purpose. The content of this problem will be most readily ascertained 
by immediate reference to Table IV, which is self-explanatory. 


OME years ago, the writer’ discussed in a preliminary form the possi- 

bility of obtaining information concerning the internal permeability of 
the earth from measurements of the self- or mutual inductance of cables. On 
returning to the matter recently, it appeared that the solution of some of 
the fundamental problems concerned with the matter were simpler than 
might at first sight be supposed, and such solutions are developed in the 
present paper. While a very casual inspection of the problem will reveal the 
orders of magnitude involved, these orders of magnitude may seem rather 
surprising to one who has not thought about the matter. Thus, to quote a 
few of the illustrations to be developed later, it may seen rather surprising 
that the self-inductance of a single circular loop of cable of cross-sectional 
radius one centimeter, wound around the earth in a small circle of radius half 
that of the earth, has a self-inductance of 80 henries, and that the self-in- 
ductance would be increased by a factor of about 2 if the earth were made of 
iron. It may seem startling to realize that two parallel circular loops wound on 
the earth at a distance apart equal to their radii have a mutual induction of 
2.8 henries and that, if the earth were replaced by an iron sphere, it would be 
increased to 11 henries. 


1 “Status, Scope, and Problems of the Section of Terrestrial Magnetism and Electricity 
of the American Geophysical Union,” Bulletin of the National Research Council, 41, 60-68 
(1924). 
649 
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Part | of this paper is devoted to a statement of the problems solved, 
together with the solutions obtained. Part IT contains numerical applications, 
illustrating the results obtained. Part II] is devoted to the derivations of the 
formulae quoted in Part I. 

Those interested only in the numerical results as suggestive of experi- 
mental possibilities in relation to measurements on the earth will tind it 
advantageous to read only Part IT. 

It will be immediately obvious that many variations of the problem are 
soluble, and some of these would be of greater service in actual experimental 
measurements. However, the problems solved have been chosen to illustrate 
the general principles in their simplest form. 

In collaboration with the Moore School of Electrical Engineering of the 
University of Pennsylvania, experiments are in preparation leading ulti- 
mately to application to the earth. As a preliminary procedure, spheres of 
different permeability and of permeability varying with the distance from the 
center are being constructed out of mixtures of iron and concrete. Upon these 
it will be possible to build model systems representative of actual cable and 
telephone distributions, and so investigate the experimental possibilities with 
a view to later application to the earth itself. 


Part I. PROBLEMS SOLVED AND FORMULAE OBTAINED 


Problem 1: Deduction of mutual induction of two parallel circular loops of 
radii b, and b., respectively, wound on a sphere of radius a and of permeabil- 
ity u 














Fig. 1. 


The cross section of the wire is negligible in its effect in this case unless 
the circuits are abnormally close together, and we find for the mutual induc- 
tion ./, in electromagnetic units, 


bib? 1 ~ 
Ss |——~ iaeaon | Poston (1) 


ad n=l 


where vy; and v2 are the cosines of the half angles subtended by the two circles 
at the center of the sphere, both angles being, of course, measured from a 
common axis, (see Fig. 1). 
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Problem 2: Deduction of the formula for the self-induction of a circular loop 
of radius 6 wound with wire of cross-sectional radius « upon a sphere of 
radius a and permeability u 


The self-induction Z in electromagnetic units is 


2 _ 1 b} Pp,’ ) 3 
ih ani cee ee sr (” =)= PP (2) 
wt wti/a® T n(n + 1)[n(u + 1) + 1] 


where Ly is the self-induction of the circle for the case «=1, and is given by 


€ 8d é 7 
Ly = in| (1 + — ) log, ae ie ee os =| (3) 
8b? € 240? 4 


where, moreover, v is the cosine of the half angle subtended by the circular 
loop at the center of the sphere of radius a (see Fig. 1), so that v is given by 
(1—v*)a*=0*?, and where P,,'(v)=(d/dv)P,(v), P,(v) being the Legendre 
polynomial of degree n. 


Problem 3: A circular loop of radius b made of wire of cross-sectional radius 
¢ is placed with its plane parallel to and at a distance A above an infinite plane 
which is the upper boundary of an infinite medium of permeability u 


The solution has been obtained for the self-induction of this coil as a func- 
tion of its dimensions and of h and uy. It is found that the self-induction L is 
given by 

L=Lo+ [(@—1)/(H+ I] Mas- (4) 


where Ly is the self-induction of the circular loop in the absence of the medium 
of permeability u, i.e., for ~=1, and is given by (3), and where A/44- is the 
mutual induction between the circular loop and its image, which is a coil 
similar to the original coil, symmetrically situated, parallel to it, and with its 
plane at a distance 4 below the bounding surface between the two media. 

The expression for 1/44, the mutual induction of the two coils, is, of 
course, well known and is given by 44 =47b [(2/k-—k)K —2E/k]|, where K 
and E are complete elliptic integrals of the first and second kind to a modulus 
K,and where 


k® = 6? (b? + h*). 


Problem 4: Deduction of the solution for problem 1 modified to the case 
where permeability » is not constant, but is a function of the distance from 
the center of the sphere 


The solution of the problem has been outlined for the case of a general 
functional dependence of « upon r, and has been carried out in detail for the 
case where 


(a/r)" forr <a, 
lforr>a. 


Mm 


M 


Here m is a positive integer. This form contains as representative a wide 
generality of cases of increase of wu with different rapidities from unity at the 
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surface of the sphere to infinity at the center. The expression for the mutual 
induction for this case is 


b;*b.? = 1 Cr — 
M = 4x°— > i | + en | P,{(v1) Pa’ (v2) (5) 
. nut) wn+1+4+ ¢,) 


a’ 1 
where 2c, = m — 1+ (m? — 2m + 14+ 4n(n + 1))'?. 


Problem 5: The solution for problem 2, modified to the case where the per- 
meability u is a function of the distance from the center of the sphere 
The problem has been worked out for the variation of u with r assumed in 
problem 4, and the self-induction for this case is given by 
dr2pt = Cn — HR 
L=L,+- , ————|P,,'(v) |? (6) 
a? n-1 WC + 1 + ¢,) 
where Lo is the normal self-induction of the loop in the absence of the sphere. 
Limiting cases for w= ~X. It is of interest to compare some of the results 
for the limiting case u = * with those for u=1. Thus, for the mutual induction 
of the two coils discussed in problem 1, we have 


6,727 2 1 
M ng = 4*?§— : " + | P,{(v1) Py" (v2) (7) 
as i ne+tan n? 
bbe? = TF 1 
M nt = 47° : > | P,P," (vs) 
a r Lattu 





so that, clearly, the presence of the sphere of infinite permeability more than 
doubles the mutual induction. 
For the self-induction of a single loop, we have, from problem 2, 
[P ‘(v) I? 
it wet 


L 
— 1 n(n + 1) (&) 


* 1 = Lo. 


Hence, the self-induction is more than doubled by the presence of the sphere 
of infinite permeability. 

For the case of the circular loop, placed at a distance h above the surface 
of a medium of permeability u (problem 3), we have 


asuies = Lo + Maar (9) 


where, as before, 1/44 is the mutual induction between the coil and its image. 


Part II. NUMERICAL ILLUSTRATIONS 


In Tables I to IV, which are self-explanatory, numerical examples corre- 
sponding to the foregoing formulae are given. They are calculated for the 
case of a sphere of radius equal to that of the earth in those problems where 
a sphere is involved. 

Corresponding to Tables I, II, and IV, Fig. 2 is given, showing the results 
in a more vivid and graphical form. 
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TABLE I. Mutual induction of two parallel circular loops wound on earth of permeability yu. 


Details of problem: radius of earth=6.4 10° cm. Loops of equal radius, parallel to each 
other and separated by a distance equal to their radius. In other words, radius= 
separation =5.7 X 10° cm. 








Be: 1 2 
M (henries): 2.82 4.59 6. 


4 9 x 
73 8.53 11.02 
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Fig. 2a. Corresponding to Table I. Mutual induction of two equal and parallel circular 
loops wound on an earth of permeability u. Radius of the earth =6.4 X 108 cm. Radius of the 
loops = 5.70 X 108 cm. 


Fig. 2b. Corresponding to Table LI. Self induction of a circular loop wound on an earth 
of permeability u. Radius of the earth=6.4X10° cm. Radius of the loop =3.210*® cm. 
Radius of the cross section of the wire = 1 cm. 
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Magnetic Permeability pu 
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Fig. 2c. Corresponding to Table IV, but showing variation of u with distance from the 
center of the earth necessary to produce various values shown for (//M,.,), the ratio of the 
mutual induction to that for the case when »=1 for the whole sphere. The coil dimensions 
correspond to those of the first curve shown above. 
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TABLE II. Self-induction of circular loop wound on earth of permeability wu. 


Details of problem: radius of earth = 6.4 X 10° cm radius of loop = 3.2 X 10° cm, radius of cross 
section of wire=1 cm. 





ue 1 Z 4 9 x 
L (henries): 79.8 107.9 131.1 149.9 167.4 


TABLE II]. Alteration of self-induction of circular loop situated over and parallel to a plane below 
for which permeability ts yw? 

Details of problem: radius of circle b= 1000 cm. The self-induction for the case 1 =1, for a case 

where the cross-sectional radius of the wire is 0.5 cm is Ly) =99.6 microhenries. 








Alteration in self-induction in microhenries 


h h b w=? pad u=9 p= x 
100 0.1 7.10 12.89 17.19 21.49 
500 0.5 1.65 2.97 3.95 4.94 
1000 1.0 0.47 0.85 1.14 1.42 
5000 5.0 0.01 0.01 0.02 0.02 














TABLe IV. Mutual induction M of two parallel circular loops wound around the earth of 
radius a, for the case where wu varies with the distance r from the center according to the law w= 
(a r)™ also self-induction of a single loop. The dimensions of the coils are as in Tables I and I]. 





Value of a r for which Mutual inductance Self-inductance 
m uw=10 (henries) (henries) 
3 2.15 6.76 85.6 
2 3.16 5.53 83.7 
1 10.00 4.13 81.7 
0 - 2.82: 79.88 











Part III. DEDUCTION OF THE FORMULAE 
Definition of symbols, see Fig. 3 


We 





Fig. 3 


a =radius of sphere; a=half angle subtended by circular wire at center of 
sphere ; y=cosa;7=1—v*=ratio of area of circular wire to area of great circle 
of the sphere; r, 6, polar coordinates for a point P in space; x =cos 0. 


2 The values of the alteration of self-induction for other values of 6, but for the same values 
of h/b are to be obtained by multiplying the results here given by 6/1000. 

’ This value corresponds, of course, to the case where the sphere has unit permeability 
throughout. 
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When two circular wires are involved, the quantities corresponding to 
a, v, n, for the two wires are denoted by subscripts 1 and 2. 8 =half angle sub- 
tended at center of sphere by a circle drawn on the spherical cap bounded by 
the circle defined by a. \=cos8. ]=current in circular wire; // = magnetic- 
field intensity; B=magnetic induction. We shall work throughout in c.g.s. 
electromagnetic units. 


Problem 1. The mutual induction of two circular loops wound on the sphere 


We shall first write down the expressions for the magnetic potential from 
which may be derived the field due to a current in a circular loop of wire of 
infinitesimal cross section when the permeability of the sphere is unity. The 
potential w is that due to a shell bounded by the current and of moment per 
unit area equal to 7. The shell may be taken to coincide with the portion of 
the surface of the sphere of radius a which is bounded by the current. The 
expression for w is well known and is* 


cs 1 r\" 
— rei -etr*” > (. \. ) Po Pa) | forr <a (10) 
nun nN ad 


. 1 e\** 
2rIn > (.. . \<) P,'(v) P,(x) forr > a (11) 
nat H+ 1/X\ 9 


where P,, refers to the Legendre polynomial of degree n,and P,,'(v) =dP,,(v)/dv. 

We now turn to the problem of the field produced by the combined action 
of the current in the wire discussed above and the magnetizable sphere for 
which in general uw is not unity. The fundamental equation controlling the 
phenomena is 


II 


£ 
II 


div B = 0, (12) 
which, in our case may be supplemented by 
B= nll. (13) 


If we obtain a solution satisfying (12) and (13), we know that it is unique 
provided that it satisfies the following additional requirements.‘ 
For the case of integration around a complete contour, 


f uray = 4r/] for case where contour encircles / | (14) 
= (0 for case where contour does not encircle / 

B,; = Bio (15) 

Hr; = Hro (16) 

B,,. = 0 (17) 


* See, for example, Maxwell's Electricity and Magnetism, Vol. 2, third edition, p. 333. 

»> While matters relating to the boundary conditions are well known, the reader who wishes 
to examine the question rather fully may refer to a recent paper by the writer, “The Solution 
of Steady-State Problems in Dielectric, Magnetically Permeable and Conducting Media, with 
Special Reference to Mathematical Analogies between Magnetic Problems and Current-Flow 
Problems,” Journal of The Franklin Institute, 213, 155-170 (1932). 
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where B,,, and B,y are the normal components of the magnetic induction just 
inside and just outside the sphere, respectively, 7/7; and //;» are the corre- 
sponding tangential components, and B,,, is the normal component of B over 
the infinite boundary. 

Let us now write the resultant // in the form 


H=h+H, (18) 


where /: is the magnetic field as calculated for the case u=1, i.e., the field 
obtained from the potentials given by (10) and (11), with the usual conven- 
tion as to continuity within the shell itself. Eq. (18) really constitutes the 
definition of /7,. 

Since h provides for the whole of the line integral of // specitied by (14), 
IT, has no line integral, and consequently is derivable from a potential. Also 
div //, is zero since div // and div h are both zero. Thus, if 2, is the potential 
from which /7, may be derived, we have 





22, = 0. (19) 


=<8 


Hence 2, is expressible as a series of spherical harmonies of the type 





x 
Q,= Dok,(r/a)"P, (x) forr <a (20) 
n=0 
and 
oe 
2, = Ye,(a/r)"t'P,(x) forr > a (21) 


n=O 


provided, of course, that with this choice the boundary conditions can be 
satisfied. The quantities k, and g, are, of course, constants. 

Now, outside the sphere B =//, so that (21) insures, in conjunction with 
the properties of h, that (17) is satisfied. 

Since the tangential component of / is continuous across the surface of 
the sphere, (16) will be satisfied provided that Q, is continuous at the bound- 
ary, i.e., provided that 


DknPr(x) = Dog. P, (x). (22) 
n=0 n=0 
Having in mind (10) and (11), condition (15) requires that 


2rl = ° woh. 
| : DL P.'(v)Pr(x) — Do — P,,(x) | 


a n=0 





= (s+ 1) 
> P,’(”) P(x) + > 3 — ¢,P,(x). (23) 
n=1 


n=0 ad 


2rIn 





a 


It is certainly possible to determine the k’s and g’s so as to satisfy (22) and 
(23). A sufficient condition to satisfy (22) is k,n =g,. With this condition sub- 
stituted, (23) gives as the necessary condition for its being satisfied 
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(2rI/a)n(u — 1)P,/(v) = (kn/a)[(u + 1)n + 1] for n > 0 
and 0=k,y for n=0. 


2rl — 1) 
Hence, ki=2=-> = nt — P,{(v) for n> 0. 
l(a + 1)n + 1] 





ko = go = Oforn = 0. 
Hence, the potential 2 giving the complete field is 


Lr arb pie) ORO] 
Q= —2r]| (1-—~) sendy SPREE P,{(v) P(x) lf << 24) 
dr - v E * (n(ut 1) +1)5 (1 (x) |forr<a ( 


Q= 2x ua) \(<)"e ‘(v) P(x) f > (25) 
Q=2r ————__—-— > [ — & >? (x) forr > a. 25 
por eras [n(u +1) +1] ‘ 


The flux through a circular loop defined by v2, due to unit current in a cir- 
cular loop defined by », is the desired mutual induction between the two 


coils. Thus 
M= ff B,,dS, 


where B,, is the normal component of B due to unit current in loop 1 at any 
point on a cap bounded by loop 2. The cap may be taken as a portion of the 
sphere of radius a, subtending the angle corresponding to v2. Thus, using the 
notation indicated above, and in Fig. 3, and writing 2, for the potential due 
to loop 1, 


M 


_ 2a? f ‘(ag Or). Sin Bdg 
l 


2ra® f (02, /dr),-.dd. 
1 


(20) 


Thus, from (24) or (25) 
n — 1 ", 
M = 42°,a > i+ +5 — ahd — “| P,' (v1) f P,()dd. 
os ara ores 
Now, from the fundamental equation for P(A), we have, 
n(n + 1)P,(d) + (d/dd)[(1 — 2)d P(A) /dd] = 


Hence, 


», 1 
| P,(d)dd = ———— |(1 — A) Pa’(A) |? 
n(n + 1) 


(1 — v2" 
a ’ Pd). 
n(n + 1) 
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Hence, since 1 — v2” = ds", a®, and since n, = 1 —vP =b/ a? 


b;7bo? = 1 uw—il 
M = 4x? —- >. Seen | P,/(v)P,/(v2), (27) 
a i Lata +1) n{[a(u + 1) + 1] 


which is the result quoted in Eq. (1). 


Problem 2. The self-induction of a circular loop wound on the sphere 

We cannot obtain the self-induction of a single loop by simply putting 
v; =v. in (27); for, the series diverges for that case as indeed it must do since 
the self-induction of a loop made of wire of infinitesimal cross section is infi- 
nite. While the cross-sectional area of the wire is irrelevant for the problem 
of mutual induction if it is small, it plays a part which increases in importance 
with diminution of cross section in the case of the self-induction, on account 
of the rapid increase of magnetic field as we approach the axis of an infinitely 
thin wire. In the case of self-induction, we cannot neglect the cross section of 
the wire. The self-induction for a wire of finite cross section is defined as 


L = ( NV) t 


where the cross section is supposed divided into ¢ filaments, each carrying 
a current 1//, and SN is the summation of the magnetic fluxes for the circuits 
corresponding to each of these filaments. 

If L,,, refers to the mutual induction for a pair of filaments 


1 
L« r a > 
p 4 


The total number of terms in the sum is, of course, @. 

We shall consider two filaments of infinitesimal cross section within the 
wire, and lying on spheres of radii 7; and rz concentric with the main sphere 
of radius a. The filaments shall subtend, at the center, half angles a; and az 
whose cosines are vy; and 2, respectively. Following the line of procedure 
adopted above for the mutual induction of two circular loops, we find for the 
mutual induction of these two filamentary loops 


@f/AQ) 
AM = - dre f (—) sin BdB, 
rl or r=" 


where Q; now refers to the potential as calculated for unit current from (25) 
with 7 =, =1—-—v»,’, and with a replaced by 1. 

Proceeding exactly as before, but avoiding replacing rz by 7; as we for- 
merly replaced r by a, we obtain 


© 1 - 1 r u+2 
AM ” 4ir*ninore : |———— + \( *) P,,'(v1) Pr’ (v2). 


n=1 lo 





n(n +1) ni[n(u +1) +1] 


In order to obtain the self-induction L of the wire, we must evaluate the 
quadruple summation of this quantity for all the pairs of filaments in the 
wire, each pair being characterized by its own particular values of 7; and re, 
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and y; and vy, with the understanding that 7) <2. We must then multiply 
by 1/f. 


==) 2 » din niN2e 


> | : te es A)? (v1) Pr’ 
aera ie ae eke 4kk ee a ey ni) P,,’ 2). 
n=l n(n +1 ni[n(u + 1) +1] re v 


Now the series under the last summation is always convergent so long as 
ry <?e, Or ¥) #2. However, if 7 is very nearly equal to rz and »; is very nearly 
equal to v2, as is here the case, the series would be very slowly convergent and 
impracticable of actual use. We can evade the difficulty in this matter by 
the following artifice, however. We observe that if ~=1, our expression for 
L must revert to the known expression Ly given by (3) for a circular wire 
and calculable by other means. Thus, 


(28) 


4? 1 nt+2 
Io = » a a » ~ _, (_—__\*) P, (vy) P, (v2). (29) 
2 " 


n=t \n(nt + 1) 
Again, 


1 ro le 1 |— +2 m -)| 
n(n + 1) n[n(u + 1) +1) _ n(n + 1) o+lo (util n(u+1 )+1 


Thus, (28) may be written 


4n2/ 2 ; = 
L= —(—* 2 ~)% » > » Ynmnd |— ~— |") P,'(v1) PP,’ (v9) (30) 
e 9 n=l n(n+1) Yo 
= 7172 2)" 
ee — P./(v)P,(ve) . 
p ( Ve EEre § 5, (n-+1)[n( ut1)+]1 VY) (Vo 


Comparing this with (29), we see that 


Cie CGE EEE 


ut+il i? 


x niN2 r) n+2 ' 
> — (* ) P,{(up P(r). 
ner n(n + 1)[n(u + 1) +1] ro 


Now, the series under the last summation in (31) does not depend for its 
convergence upon the condition 7; <7, or v1: #2. If, in fact, we put 1 ="r=a 
in (31), and if we also put »;=v.=v, the sum assumes the form 


- 1 
1 — v?)P,'(v)}?. 32) 
2. na DIne +1) +1] ” ”)| ( 


(31) 








Now, from the fundamental equation for P,,(v) 


(1 — vp?) P,’(v) = — n(n + vf P,(v)dv. 
1 
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Now, the asymptotic expression for P,,(v) is® 
P,(v) = [2/arsina]!? sin |(2 + Sa + 7 2] 


where vy=cos a. Thus, 


v 2 1/3 a > 
f P(v)dy = — ( -) | sin!? @ sin c + 3)a + |e. 
1 NT 0 z 


The integral on the right-hand side is certainly less than [Sde, and is thus 
£ bd ; J0 
certainly less than 7. Hence, 


. 3 Jr 
| { Pare | < 
1 i 


Therefore, using (33), we see that the remainder, R,, in S is certainly less than 


oc 


1 
2 


power n[n(u +1)+ 1| 
If a, is written for the general term of this sum, we readily prove that 


lim #{ \(an + 1)/a,| — 1} = — 2. 

n=x 
Hence’ the sum converges. We can thus write 7;=/f2=a, and y,;=v2=p in 
(31). Then, recalling that there are ? terms in the quadruple summation, we 
find, finally, 


2 —-1\s' = P,{(v) |? 
ee ee a a ae 
uti ut+1/ a Im n(n + 1)[n(u + 1) + 1] 


which is the result quoted in (2). 


Problem 3. The self-induction of a circular loop of cross-sectional radius « 
placed with its plane parallel to and at a distance h above an infinite plane 
which is the upper boundary of an infinite medium of permeability 


Again, the fundamental equation controlling the phenomenon is (12). 
Eq. (13) is assumed, and the solutions of (12) are to be subjected to the con- 
dition (14), (15), (16) and (17). 

Let us suppose that the loop carries a current J. Then, following the line 
of procedure in electrostatic problems, we can satisfy these conditions by 
calculating the field above the infinite plane as the field in empty space pro- 
duced by the current J, together with that of an equal loop symmetrically 
situated below the plane, and carrying a current J;, and the field below the 
plane can be calculated as the field in free space calculable from a current J2 
in a coil equal to and coincident with the position of the coil carrying the 
current J;, provided that 


6 Hobson: Spherical and Ellipsoidal Harmonics, p. 299. 
7 Whittaker and Watson: Modern Analysis, third edition, p. 23. 
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1, = (w- 1), (wt 1) (35) 
Ie = 21 /(u +1). (36) 


For, conditions (14) and (17) are obviously satisfied by these requirements. 
Again, the tangential component of the field just outside the plane and due 
to each of the circuits J; and J, is radial to the axis of symmetry. Moreover, 
if its value is Jf(r-6@) for the current J, it is — J; f(r,4;) for the current J,, where 
r,0, are the polar coordinates of a point on the plane with respect to the center 
of the loop as origin, 7; is the mirror image of r and 6, is the mirror image of @. 
Furthermore, the tangential field due to J: just below the plane is radial to 
the axis of symmetry, and equal to J f(r-@). Thus, since 7; =7, and 6, =6, con- 
dition (16) is satisfied if 


Condition (15) leads in an analogous way to 
I+1,= pls (38) 


as the condition necessary for its validity. Eqs. (37) and (38) are satisfied if 
ZT, and J, have the values given by (35) and (36). 

The increase of flux through the real circuit as a result of the iron is equal 
to the flux through it due to the image current J2. Thus, 


L=Lo+ [Qu —1)/(uet+ 1) | Maw (39) 
in agreement with Eq. (4). 


General theory for the case where u varies with the distance from the center 
of the sphere 


As before, the fundamental equation controlling the phenomena is (12). 
Eq. (13) is to be assumed, and the solutions of (12) are to be subjected to the 
conditions (14), (15), (16), (17). 

Now, however, (12) assumes the form 


div (uH) = 0 where pu = f(r). (40) 


Transferring to polar coordinates, and limiting ourselves to symmetry with 
regard to the polar coordinate ¢, (40) becomes 


ar ,))+— Y te anal 4H 
—(r*ylT,) snes ully sin 8} = 0. (41) 
r? Lor r sin 900 

Proceeding as in problem 1, we again split the total field /7 into two parts, 
a part h calculable for the loop in free space, and a part //, defined by (18). 
Then, as before, condition (14) is provided for by h. /7, must satisfy the con- 
ditions (15), (16), (17), and is derivable from a potential 2,. For r>a, where 
w=1, we may write 


x“ 


, = d¢,(a r)"*'P,(x) forr >a (42) 


n=0 


“A 


since \/?Q, =0 for r>a. 
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kor r<a, however, we must use (41), and apply it to the total field, so that 


1 ¢@ AQ, 1 a) ; AQ, 
(rs ) + : (« sin @ ) = div uh. (43) 
r° or or r?>sin@ 06 06 


We then have Q,=2,,+2., where Q,, is the solution of (43) with the right- 
hand side put equal to zero, and Q.» is the particular integral. Considering 
then the solution of 


0 AQs) 1 0 ‘ AQ) 
—{ rn—— } + —— —[usindg—)=0 (44) 
or or sin @ 06 06 


and following the usual procedure, we seek solutions of the equation of the 


form 
2. , = Re 


where R is a function only of r and © is a function only of 6. Remembering 
that uw is a function only of 7, we find 


1 @ OR 1 0 ; ae) 
an el Hy —— ~{ sin é— = (), 
wR Or Or © sin? 06 oo 


Since the first term is independent of 6 and the second is independent of , 
we may write one of them equal to m(7+1) and the other equal to —n(u+1), 
where is a constant, which, again in accordance with usual procedure, we 
limit to an integer. Thus 


d dR, 
—| ru ) — n(n + 1)uR, = 0 (45) 
dr dr 
df. do, 
—{ siné— ) + n(n + 1)0, sind = 0. (+40) 
ag d@ 


On putting cos 6=x (44) becomes Legendre’s equation (d dx) |(1—.x) (dO, ’ 
dx) |+n(n+1)0, =0 the solution of which is 0 =A P,(x)+BQ,(x). Eq. (45) 
cannot be solved until some assumption is made regarding yw. If we write 


u = (a/r)™ (47) 


we shall have w=1 when r=a, u= * when r=0. Hence, we represent a con- 
dition of affairs in which wu grows from unity at the surface of the sphere to 
infinity at the center, with different degrees of rapidity depending upon our 
choice of m. This form of function consequently provides a means of repre- 
senting, qualitatively, with reasonable generality, the sort of conditions 
which may prevail within the earth. It is also to be remembered that insofar 
as the effect of a permeability equal to about 10 approximates in its results 
the effects of infinite permeability, the fact that our function (47) really gives 
u@=2 when r=0 involves no illogical assumption as regards the calculation 
of the fields. The latter would be practically the same if wu, instead of follow- 
ing (47) strictly to the center of the sphere, departed from that law at 
wu =1000, for example, and never attained a value greater than 2000. 
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Inserting the value (47) in (45), and putting r/a=y, we have 
(d/dy)[y?-"(dR,/dy)] — n(n + 1)y~"R, = 0 
y'd?R,, ‘dy? + (2 — m)ydR/dy — n(n + 1)R, = 0 
This equation becomes solved by putting R, = y™ if 


Cr(Cn — 1) + (2 — mjc, — n(n + 1) = 


2c, = — (1 — m) + [(1 — m)? + 4n(n + 1)]", 
Put 

den = — (1 — m) + [C1 — m)? + 4n(n + 1)]'? 

2evg = — (1 — m) — [(1 — m)* + 4n(n + 1)]"?. 


Then (r/a)™P,,(x), (r/a)°"'Q, (x), (r/a)?P,, (x), (r/a)eQ, (x), are all solutions 
of (44) within the sphere. 

Since m is greater than unity, ¢,; is positive, and ¢,2 is negative. For the 
solution inside the sphere, we are concerned, consequently, only with ¢,:. 
We may then write 


Lkilr/ayP.(x) r<a (48) 
n=0 
where 


= (m — 1)/2 + 3[(m — 1)? + 4n(n + 1)]!?. 


We must now turn to the particular integral (Q.2) of (43). The field 4, for 
a point inside the sphere is obtainable from the potential w given by (10), 
and since 0u/06@ is zero 


i 1 0 ( ; “*) 4 1 0 ( ; 0) 
— div wh — —f[ rey — ——— sin 6 — 
. r? Or 4 or r> sin @ 06 ‘ 06 


m { ra] Ow 1 0/. dw \ Ou Ow 
= i 5 + —— —i snd — Seger sd 
r? lar\ ar] sin@ 20 a0 ar ar 


Since the field derivable from w satisfies Laplace’s equation, the term in 
curly brackets is zero, and we have —div wh=dyu/d0r-dw/dr. Inserting 
a=(a/r)”, and the value of w given by (10), we, consequently, have from 





(43), 
0 AQ, 0 +1 Ou , 8% Ppa 
22) hae) Bot 
or or sin #090 m art or 
Since 
1 Ou ra) ( m 
— — = —(log ps) = - — 
a Or Or . r 











0 dQ, 1 df. aa, 02, dw 
—{r? *) i —{ sin@—-— }) = mr -~-+—)]= 0. 
Or or sin 6 06 og Or or 
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Let us try, as a solution of this equation, 
x 
QO = YA,(r a)tP,'(v) P(x). 
1 


Then 


ff d dP,(x) \ r\3 
2 ce + DP.(x) + (1 — x?) ——— ] — mee, P,'(v) {| — 
\ dx dx f a 


(49) 


r n 
+ 2eInn( ) P,'(v) P,(x) = 0. 


ad 
Using (33), we see that (49) is satistied if €=, and A, is such that 
ran + 1) — n(n + 1) — mntA, + 2xImy = 0. 
A, = 2nIn/n. 

Hence, having in mind the particular integral (46) already found, we have 

r\> SS ¢ r\m Wel fr\"_, * 

2, = () + } ) ‘.(~) + aa +) P,(v) t P,(x) for r < a.(50) 
a m a n a 


For r>a, we have (42). The condition (17) is satistied by (42). Condition 
(16) is provided for if Q, is continuous on the boundary, i.e., if 
ky for n = 0 \ . 

; (51) 
=k, + (QrIy/n)P,'(v) forn #0. S 


So 
Sn 
Since w=1 at r=a, condition (15) is satisfied if 
| _— £0 = Ro€o = (m = 1) ko \ (52) 
— (n + 1) gn = Rata + 2eInP,"(v). § 


Combining (51) and (52), we have ky = go =0 


2rl 
ae (nu + 1) gn = fi. - a nP,'(v) Cn + 2rInP,,'(v) 


nu 


2rIn 
ley = TP) 
n(n + 1) 
2tI (en - 3 
ee eptorreemncerenn SS 
n(n +1+ ¢,) 


Hence, for the value of 2, applicable to points outside the sphere, we have 


“ C.-M o\rt : 
eee “) P,'(v)P,(x) forr > a, 
nai N(CH + 1+ &) 


Q, = 2rln 


r 
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The complete potential 2 from which the field for r>a may be derived is 
obtained by adding w as given by Eq. (11). Thus, 


Cn — Mn \ s\e* 
Q = Jnl j_! — a (< “) P,{(v)P,(x) forr >a. (53) 
end | ln +1 arr gyre? w) , 


Problem 4. The mutual inductance of a pair of circular loops wound upon a 
sphere of variable permeability 

Proceeding exactly as in the case of the derivative for constant u, we have 
(26) for the mutual induction of two coils defined by a; and ae. 

\We thus find 


a n+ 1)(c, — 2) - 
= 4r°n.a > E + ee Jeon f P,(dA)dX. 
1 


ee n(n + 1+ cy) 


Again, proceeding in the same manner as before, for the evaluation of the 
integral, we find 


» Or b2? 


ul > |—— Pape eet |p ] 4 
— er ee ern n (V1) Pn’ (v2) (54) 
a’ noi LM(n +1) n(n +14 ¢,) in ‘ 


where 2c, =m —1+{(m—1)?+4n(n+1)}", which is the result quoted in 
Eq. (5). 


Problem 5. The self-inductance of a circular loop wound upon a sphere of 
variable permeability 


The passage from the case of a mutual induction to that of a self-induction 
is simpler in the present case than it was in the case of constant permeability ; 
for, in the present problem yu =1 at the surface of the sphere, both inside and 
outside. As a consequence, the magnetization of the sphere does not contrib- 
ute a field of infinite amount near the wire even in the case of a wire of in- 
finitesimal:cross section. Mathematically, this is shown by the fact that the 
part L, of the self-induction contributed by the magnetization of the sphere, 
and given by putting };=).=6, and »;=r2=y, in (54), and omitting the term 
1 ‘n(n+1) is expressible in the form of a convergent series. Thus, 

4 # — 
L, = 42? : ne - [P.’(v) |. (55) 
a®* 42, Win +14 ¢,) 
Putting 6?, a* back to the forms 7? =1—v? 


C, — 4H 
L, = 42% —————|(1 — v*)P,'(v)]?. 
rey si ) | 


Proceeding now exactly as in the case of (32), we see that the remainder of 
x 
Cu — oo 
> - — L(t _ v®) P,!(v) |? 
— nintite a) 


is less than 
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* (€, — n(n + 1) 
ee min + 1+ ¢,) 


> 


Now, when 7 is large, ¢,,—” approximates to 


m— 1 av (m — 1)* 
+ (1+ ) 1+ )-. 
) n Su(n + 1) 


m— 1 1 (m — 1)* 
+ n(1 + + ) — Hn 
) Jn Sulu + 1) 


1.e€., to 


i.e., tom 2, so that, if a, is the general term of the sum, we have 


j ree | \ - : 


lim x ag ee 
n=x dy | 
Hence, the sum converges.’ We may thus incorporate ZL, as given by (55) 
with the ordinary self-induction Ly for the wire as calculated for free space, 
and we thus find for the complete self-induction 

bt m0 Cn ~— & 


L=Ilb+4r— > —-|P,'(v)}? (50) 
a nn. Nn + 1 + €,) 


where 2c, =m—14+|(m—1)?+4n(n+1) |! 2, which is the result quoted in (6). 
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The Value of the Townsend Coefficient for Ionization by Collision 
at Large Plate Distances and Near Atmospheric Pressure 


By FreDERICK H. SANDERS 
University of California 


(Received June 13, 1932) 


The Townsend coefficient of ionization by collision was measured at a pressure 
of 380 mm in air at plate distances ranging from one to five cm for values of X/p 
(the ratio of the field strength to the pressure in mm) from 20 to 36.5. It was found that 
the simple Townsend relation, i=ie*", is valid at the above pressure and over the 
above range of plate distances. The ratio a/p of the Townsend coefficient to the pres- 
sure in mm was determined as a function of \/p and the least-square reduction shows 
the function giving closest agreement with the observed data to be a/p = (2.67 +0.26) 
XK 10 ~Se(0 0=0.00N » From these results it is evident that ionization by collision 
exists at much lower values of Y/p than those given by Paavola. The rise in the satura- 
tion photoelectric current at the lowest Y/p was compared with the recent work of 
Bradbury on the nature of the saturation photoelectric current and compares in order 
of magnitude with values found by extrapolation of the latter's equations. This indi- 
cates that below VY/p=20 the lack of saturation produces a fictitious value of a@ 
which renders measurements of a below \Y/p=20 of doubtful value. No abnormal 
increase in the current with plate distance was found even within two percent of 
sparking. This indicates that if ionization by positive ions does exist it must occur 
at fields closer to sparking than two percent. 


INTRODUCTION 


N 1900 J. S. Townsend! investigated the increase of the photoelectric 

saturation current from an electrode as a function of the distance between 
plane parallel electrodes for high values of the electric field or, better, for high 
values of Y,/ p, the ratio of the electric field strength to the pressure. It was 
found that the current increased with the plate distance d at constant field 
strength according to the equations: 

i = ige*4 (1) 
where 7 is the current at a distance d, 7) the saturation photoelectric current 
at lower field strengths, and a a constant depending on X/p and the nature 
of the gas. A theoretical derivation of the experimental relation (1) was 
achieved by assuming that for a given X/p, a@ was the number of new ion 
pairs produced per centimeter of path in the gas by electron impacts. Town- 
send? evaluated a for various values of X/p and found a/p to be a function 
of X, p of a form closely analogous to that given by the equation: 


a p = Ae Bpix (2) 


where A and B are constants. This law he deduced theoretically, assuming the 
negative ions to make inelastic impacts with the gas molecules. Townsend? 


1 J. S. Townsend, Nature 62, 340 (1900). 
2 J. S. Townsend, Phil. Mag. 2, 598 (1903). 
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further found that the currents for very high values of Y p could not be ex- 
pressed by Eq. (1) but that a more rapid increase in current took place. This 
he explained by assuming that in these high fields the positive ions also pro- 
duced ions by collisons with the gas molecules. The equation deduced on the 
assumption that each positive ion in the assumed uniform field XY, p produced 
3 new pairs of ions per centimeter of path was: 
(a — pei F4d , 
t= tg —— ‘ (9) 
a — Bes 64 
where 3, p was evaluated from the experiments and found to be a function of 
Xp. It is seen that 7 approaches infinity when a@—Be'*~* 4 approaches zero. 
This is the condition for spark breakdown proposed by Townsend. 

All of Townsend's investigations were confined to low pressures, small plate 
distances and high values of X/ p for the more common gases, due to the limited 
experimental facilities available at the time. The investigations of Franck‘ 
and countless others on the ionization and radiation potentials as well as 
Townsend's own work on the elasticity of electron impact made his theoreti- 
cal deduction of Eq. (2) untenable as Compton‘ and others have pointed out, 
although it appeared to fit fairly well as an empirical equation. It was later 
pointed out by Holst and Oosterhuis,® by Rogowski, and by Loeb® that while 
the values of 8/p could be expected to play a réle in spark discharge at low 
pressures and high values of X/p (in the region of the minimum sparking 
potential) it was impossible to expect 8/ p to have finite values of a magnitude 
leading to the Townsend sparking mechanism at values of X/ p of 39 which is 
the value of X/p for spark breakdown in air at atmospheric pressure. This led 
Loeb* and Rogowski’ independently and contemporaneously to suggest that 
at higher pressures where the positive ions could not ionize by impact in the 
uniform fields assumed to exist between the electrodes before breakdown, the 
increase in the number of ions due to the ionization by electrons in the dark 
current preceding breakdown might produce distorted fields, due to space 
charges, of sufficient magnitude to give 6/p finite values and to cause the 
Townsend mechanism to occur. 

Acting on this suggestion several attempts were made to develop such 
theories mathematically, stimulated further by recent discoveries connected 
with the short time interval involved in spark breakdown. All these theories 
required a knowledge of the Townsend coefficient a in gases like air for values 
of X/ p corresponding to that required for a spark in air at atmospheric pres- 
sure and lower. These were not available as Townsend’s measurements in 
air extended only to X¥/p=40 and were rather meager in this region, most of 
his measurements extending upwards from X/p=100. 


3 Franck and Hertz, Verh. d. deut. phys. Ges. 15, 373, 613 (1913). J. Franck, Zeits. f. 
Physik. 25, 312 (1924). 

4K. T. Compton, Phys. Rev. 7, 489, 501, 509 (1916). Compton and Benade, Phys. Rev. 
11, 234 (1918). 

® Holst and Oosterhuis, Phil. Mag. 46, 1117 (1923). 

® |.. B. Loeb, Jour. Frank. Inst. 205, 305 (1928). 

7W. Rogowski, Archiv f. Elek. 16, 761 (1926). 
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In order to supply the missing data it was thought worth while to study 
Townsend's coefficient a for electron ionization at pressures of the order of 
magnitude of an atmosphere and plate distances of the order of centimeters to 
correspond more nearly with the actual conditions involved in the study of 
spark discharge. The realization of the very elaborate equipment required for 
this investigation was in part made possible by a grant in aid from the 
National Research Council and the task was begun in the fall of 1929. When 
the work was well under way the results of M. Paavola* working on the same 
problem under Professor Rogowski in Aachen were published. Paavola had 
extended Townsend’s measurements to atmospheric pressure and to plate 
distances between two and five millimeters. Inasmuch as the present work 
promised further results at lower values of X/p in view of the greater plate 
distances involved, the work was continued with the gratifying results re- 
ported in this paper. 


APPARATUS AND EXPERIMENTAL PROCEDURE 


The experimental arrangement is shown in Fig. 1. The primary of the 
high tension transformer T was supplied by the 220-volt, 500-cycle a.c. 
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generator G which was operated by a 110-volt, 2-kilowatt d.c. motor. This 
motor was operated on the direct-current line, the voltage being held con- 
stant by means of a hot wire stabilizer. 

The secondary of the transformer 7’ was tapped at its center and con- 
nected to ground. The current was rectified by means of two General-Electric 
kenotrons of the KR-1 type. The filter system consisted of two condensers 
C, and C, of combined capacity 0.04 microfarads and two choke coils L;, Le, 
each of about 1000 henries inductance. As the maximum current drawn was 
0.4 milliamperes the ripple was computed to be of the order of one one- 
hundredth of one percent or less which was considerably smaller than the 
possible errors in the voltage settings. 

The voltage was measured by means of a bank R of 20 five-megohm re- 
sistors and the 2 milliammeters ./ and A. The instrument A was a Weston 
milliammeter checked at the factory in August 1931, but as a further pre- 
caution it was calibrated over the range from zero to 0.4 milliamperes with a 
Wolff standard potentiometer, a Weston standard cell and a 1000-ohm stand- 
ard resistance. It was found to be accurate over this range to within 1/4 of 


8 Paavola, Archiv f. Elek. 22, 443 (1929). 
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1 percent, no apparent consistent error existing. The resistors were also 
calibrated and found to be of an equal order of accuracy. The other milliam- 
meter / which was of ten times the sensitivity of A was used merely as an 
amplifying device. 

The switches S$; and S: were used to connect the negative plate of the 
ionization chamber / either to the high potential or to ground. Both were 
fitted with platinum contacts and were mechanically connected together so 
that when one was opened the other was automatically closed. The upper 
plate of the ionization chamber J was connected permanently to the electrom- 
eter switch S; and to the sulphur-insulated, cylindrical condenser C;. The 
switch S; was connected permanently to ground and was used either to re- 
move the charge from the working electrometer or to protect the instrument 
whilst measurements were being taken. The measuring instruments were the 
two Dolazalek electrometers E; and FE, which were capable of covering a range 
of voltages varying from 0.01 volt to 100 volts. The two electrometers and 
the condenser C; were enclosed in a grounded chamber and all external leads 
to the electrometer system were carefully shielded in brass tubing and insu- 
lated with sulphur. 

The capacity of the condenser C; was measured very carefully on a capac- 
ity bridge and the capacity of the ionization chamber and electrometer 
system measured for a number of different plate distances. Thts made it pos- 
sible to compute the absolute values of the current. It also made possible a 
small but necessary correction to the voltage due to the fact that the ioniza- 
tion chamber and condenser C; formed a pair of condensers in series, so that 
the actual drop in potential across the gas was slightly less than that regis- 
tered by the voltage-measuring instruments. This correction amounted to 
about 1 percent at a plate distance of 1 cm and decreased to less than 1/4 of 
1 percent at the larger plate distances. 

The ionization chamber J is shown in detail in Fig. 2. The case consisted 
of a cylindrical brass casting 45 cm in height and 50 cm in diameter, the inner 
surfaces being all heavily plated with tin. The lid rested on a lead gasket 
which was coated with stop-cock grease to ensure a vacuum-tight fit. The 
upper plate 20 cm in diameter was supported by a brass tube 7° from which 
it was insulated by a block of amber A. This tube was connected at its upper 
end to an iron armature F by means of a ball-bearing race. This armature 
revolved on the long screw S; which was connected to the top of the cylindri- 
cal housing // and could be turned by means of the magnet 1/. The magnet 
also revolved on the screw S2 of the same pitch as S, so that the armature and 
magnet were always at the same height. By this means the upper plate could 
be set at any desired distance from the lower one. The rods RR were merely 
guides which kept the upper plate accurately in position. 

In order to have the two plates always accurately parallel the lower plate 
was supported on a porcelain insulator J, resting on the circular plate P. 
This plate was connected to the lid by three rods with threaded ends and ad- 
justed until the two plates were parallel to within a few hundredths of a milli- 
meter. The lower insulator 72 was made of Pyrex tubing and filled with pump 
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oil. It was ground to fit the taper in the bottom of the chamber and waxed 
into place. Contact was effected between the two leads passing through the 
insulators by means of a mercury cup in the top of the lower insulator. The 
upper plate was connected to the electrometer system by means of a gold 
chain C and a lead running through the amber bushing B. The distance be 
tween the plates was read by the use of a cathetometer through the glass win- 
dow G. The ultraviolet radiation entered through the quartz window Q and 
fell obliquely upon the lower plate. 

The whole interior of the chamber was carefully cleaned and the plates 
polished with jewellers’ rouge before closing it for a set of observations. It 
was then exhausted toa pressure of about 10-* mm. Lower pressures than this 
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Fig. 2. 


could not be attained on account of the vapor pressure of the mercury. The 
air was admitted slowly over a bank of drying tubes containing CaCl, KOH 
and P,O;. As a final precaution in ensuring perfectly dry air, the air was 
passed over a liquid air trap. The pressure could be regulated as desired. The 
original intention was to carry on the investigations at atmospheric pressure 
but on account of the high voltages required at the larger plate distances it 
was decided to use a pressure of 380 mm throughout the experiment. The ac- 
tual pressure during the observations never varied more than 1/2 mm from 
380 mm. 

The source of ultraviolet radiation was a Heraeus quartz mercury arc lamp 
operating on 220 volts. This was placed at a horizontal distance of 50 cm from 
the center of the lower plate and at a height of 5 cm above it. The light was 
rendered parallel by a quartz lens placed at its own focal length from the 
lamp and was admitted through a variable aperture of rectangular cross sec- 
tion. The horizontal aperture was 3 cm and the maximum vertical aperture 
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6 mm, which rendered the area of plate illuminated a rectangle 3 cm by 6 cm. 
This area lay well within the area, 14 cm in diameter, over which the field 
was uniform as determined below. The field between the plates was investi- 
gated by means of a full-size cross-section model of the plates immersed in a 
bath of electrolyte. An induction coil, telephone head set and exploring elec- 
trodes were used to find the equipotentials and it was found that the field was 
sensibly uniform over an area 14 cm in diameter. Thus, with the spot of light 
carefully focussed on the center of the lower plate, electrons could only be 
emitted in the portion of the field which was known to be uniform. For this 
reason no guard ring was used. 

In order to keep the current through the mercury are constant a current 
stabilizer was placed in series with the lamp. Even with these precautions 
there were occasional fluctuations in the photoelectric current which prob- 
ably account for the large probable errors in some of the results. 

The method of measuring the currents was as follows: The voltage was set 
at the desired value. Switch S; (Fig. 1) would be open and So, S;, and 5S, all 
closed so that both plates of the ionization chamber, the condenser C;, and 
the working electrometer were all grounded. S; was then opened, thus isolat- 
ing the upper plate and the condenser C;. S; was then closed, S: opening auto- 
matically so that the lower plate was raised to the negative potential indi- 
cated by the milliammeters ./ and A. The ionization current was allowed to 
pass for a known time (usually 10 seconds), then S; was opened, S: again 
closing automatically and grounding the lower plate. S; was then opened and 
S; closed, thus connecting the upper plate of the ionization chamber and the 
condenser C to the electrometer which measured the potential to which the 
condenser had become charged. This procedure was repeated four times for 
each voltage setting with the lower plate illuminated and once with the ultra- 
violet radiation cut off to insure the absence of corona discharge. The usual 
variation in current of the four readings was about 5 percent. The chance of a 
consistent error due to variation in voltage, photoelectric current, or timing 
was small. One advantage of this method was that any charge produced by the 
so-called capacity current mentioned by Paavola® due to slight fluctuations in 
voltage was removed when the lower plate was grounded. Another was that 
the working electrometer was fully protected in case of breakdown of the gap. 

In a preliminary series of measurements each run was taken at a constant 
plate distance, the current being measured as a function of the field. Observa- 
tions were taken covering a range of plate distances varying from 1 to 3 cm 
at 2.5 mm intervals. This method had the advantage of giving values of the 
current for all possible fields from a few thousand volts up to breakdown. 
The disadvantage, however, lay in the fact that each run took seven hours to 
complete. During this time the photoelectric current was apt to vary greatly. 
Current-plate-distance curves were plotted from these data for values of 
X/ p varying from 30 to 36.5. 

Owing to the unsatisfactory nature of the preliminary results, resort was 
had to essentially the same method as that employed by Townsend in his 

* M, Paavola, Archiv f. Elek. 22, 450 (1929), 
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original researches. A certain value of Xp was chosen and the currents meas- 
ured as a function of plate distance over a range varying from 1.00 or 1.25 cm 
to as high as the voltage limits or the breakdown potential would permit. As 
a great deal of time was taken up in changing the plate distances, during 
which intervals the ultraviolet illumination was cut off, the decay in the 
photoelectric current was now found to be negligible. However, as an addi- 
tional precaution against any consistent change in 7) which might influence 
the slopes of the curves, the plate distances were chosen entirely at random. 


EXPERIMENTAL RESULTS 


The curves giving log, 7 as a function of plate distance are shown in Fig. 3. 
The fact that these are all linear bears out the validity of the simple Town- 





























. a 
= | 36s P | 
8 p09 
100 
260 
008 
990 
350 
80 y, 007 
= 340 
F 006 
60 
005 
330 
590 
004 
320 
40 _3S 
“ 3x0 003 
30 ~ 30.0 
280 002 
260 ‘ 
° Q 2 30 40) ool 
380 240 Fg 
3.70 220 _ al 
es enn 900 x 
d i 20 22 24 2 28 2% 2 34 2% F 
) Fa) 30 ® 9 
Fig. 3. Fig. 4. 


send Eq. (1). The value of the coefficient was obtainable directly from the 
slope of any one curve and the value of i from the intercept with the axis of 
zero plate distance. These slopes and intercepts were first measured graphi- 
cally but were later computed by the method of least squares. This eliminated 
entirely the personal bias which might occur in drawing the best straight line 
through any one set of points. For most of the curves the graphical and least- 
square solutions were found to check very closely. Below an X/p of 28 the 
points are rather more scattered. This is probably because the increase in 
current with plate distances is so small that variations due to other causes 
hecome evident. The probable errors here are accordingly quite large. 

It will be noticed that the curves at X/p of 20, 22 and 24 have a larger 
value of 7) than the remainder. This was necessary on account of the limita- 
tions of the measuring instruments. Although Townsend has shown that a@ is 
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independent of 7) for plate distances below 1 ¢m it was thought advisable, in 
view of possible space-charge effects which might exist at these larger plate 
distances, to determine roughly whether or not the value of a was affected by 
a change in 7). Several curves were taken at X/p of 33 and 34 with widely 
different values of 7). No consistent change in the value of a was noted, which 
seems to justify the use of these larger currents. 

In Fig. 4 the circles give the values of a/p as obtained by dividing the 
least-square solutions of the curves in Fig. 3 by the pressure, 380 mm. The 
crosses represent the values of a@/ p obtained graphically from the earlier set 
of readings taken at constant plate distances. It is seen that they check quite 
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well above X/ p=32. Below this value the values indicated by the crosses are 
considerably greater than those indicated by the circles, but as mentioned 
before, the data here were too erratic to have much meaning. The curve 
represents a pure exponential relation of the form 
a/p = AeX!, (4) 
It was obtained as follows: The natural logarithms of the values of a/ p 
indicated by the circles in Fig. 4 were plotted against Y/ p. The result is shown 
in Fig. 5 where it is seen that the points appear to lie on a curve very nearly a 
straight line. A least-square solution was again applied and is represented by 
the straight line in the latter figure. Knowing the slope and intercept of this 
line it was a simple matter to obtain the constants in Eq. (4). The constant 
bis merely the slope of the straight line and A is obtained by taking the anti- 
log. of the intercept. The idea of plotting log.a/ p against X/ p was inspired by 
the fact that a rough curve through the points shown in Fig. 4 had the appear- 
ance of a pure exponential. 
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The probable errors of some of the observed values of a/p are shown in 
Fig. 5 as short vertical straight lines through the points. The values of the 
slope a; and intercept do; of the straight line with their respective probable 
errors are: 4, =0.3504 +0.0032; ao, =18.5615 +0.0966. This gives the values 
of the constants in Eq. (3) as: b=0.350+0.003; A =2.67 X10-5. 

The probable error in the case of A is not quite symmetrical on account 
of the fact that A is obtained by taking the antilog of the intercept ao. The 
probable upper and lower limits to the value of A are respectively, 2.94 x 10-8 
and 2.43 X10-°. 

The interesting thing about this expression for a/p as a function of X/p 
is that a/p does not suddenly become zero at a definite value of X/ p as found 
by Paavola but decreases in an asymptotic fashion with X/p. Whilst the 
values of a/ p observed for X/p’s around 20 are very small they are certainly 
not equal to zero. 

Another phenomenon noted in these measurements which has a definite 
bearing on the above was the lack of any definite saturation current. This is in 
good agreement with the work recently carried on in this laboratory by Dr. 
N. E. Bradbury” on the nature of the photoelectric saturation current. Brad- 
bury found that saturation of such currents cannot be obtained at field 
strengths below sparking. By extrapolation of Bradbury’s equations to values 
of X/p in the neighborhood of 20 his results may be compared with the data 
obtained in these measurements. At X/p=20 Bradbury’s results give for 
(d/dX)(t/Io) where X is the field strength, 7) the saturation current in vac- 
uum and 7 the measured photoelectric current at a field X, an approximate 
value of 1.010-*. The writer’s work gives about 2.0 10-5. In view of the 
extrapolated nature of the first of these values, numerical correction of values 
of a cannot be made. The indication, however, is that at values of X/p below 
20 the natural slope of the photoelectric current produces a fictitious value of 
« which merges smoothly with the real values existing above X/p= 20. 

The empirical expression found by Paavola to fit his observations is: 

a/p = 0.000156(X /p — 30.1)?. (5) 
This would indicate that ionization by collision ceases to exist at lower field 
strengths than those corresponding to X/ p=30.1. As seen from the curves in 
Fig. 3, the slope of the curves below X/ p = 30 is quite small and would be very 
difficult to detect over the small range of plate distances (2.0—5.0 mm) used 
by Paavola. 


The actual values of a/p obtained in this investigation are considerably ' 
greater than those obtained by the above investigator as shown by the follow- : 
ing table which also contains a few of Townsend's lower values: 





X/p 20.0 26.0 269 30 30.1 33.0 33.5 36.5 37.0 40.0 40.4 45.7 50.0 











a/p 
Townsend 0.0190 0.0550 


a/p 
Paavola 0 0 0.00205 0.00703 0.0160 0.0407 


a/p 
writer 0.0000343 0.000234 0.00090 0.00289 0.00946 : 


a — : 

















10 N. E. Bradbury, Phys. Rev. 40, 508 (1932). 
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The reason for this discrepancy is not apparent but it seems likely that 
with the greater resolving power of the apparatus used in this investigation 
the chances of error are somewhat less. The air used in the present work was 
carefully dried as previously described and kept at constant pressure. This 
was not entirely the case in Paavola’s work. It is doubtful, however, whether 
this has any bearing on the above discrepancy. 

As mentioned in the introduction, Townsend has suggested that the func- 
tiona p=f(X/ p) takes the form: 


ap = Ae 8/X, (2) 


This is a theoretical expression based on a deduction as to the mechanism of 
ionization which is not applicable to the present problem in the light of 
modern knowledge of ionization processes.'' Townsend himself limits it to 
values of Y/ p above 300. Whilst it is an exponential form, it is entirely differ- 
ent from the empirical expression (4) and obviously cannot fit the present 
data for any values of the constants. 

The phenomenon noted by both Townsend? and Paavola* when the field 
is increased to within 3 percent of sparking, v7z., that the current increases 
with plate distance more rapidly than Eq. (1) would lead us to expect, was 
not observed in these measurements. At X/ p of 36.5 and a plate distance of 
2.5 cm the field was within less than 2 percent of sparking, yet there was 
no evidence of an abnormal increase in the current. Paavola noted this in- 
crease within 3 percent of sparking at plate distances of 4.5 and 5.0 mm. He 
also noted no current without ultraviolet excitation even on the verge of 
sparking. In the present investigation, currents were noted without excita- 
tion at a field slightly above X/p of 36.5. It may be that, at these greater 
plate distances, space charges build up and a corona discharge is produced 
preceding breakdown. The plates of the ionization chamber were carefully 
machined and polished so that there was very little chance of corona being 
produced by high fields at sharp points or edges. 

With the care taken in these measurements it seems safe to assume that if 
such an increase in current actually exists as that ascribed to positive ion 
ionization it must occur at fields closer to the breakdown potential than 2 
percent. This is completely in keeping with the values of B/p observed by 
Townsend,? who could not detect any measurable values of 8/p at lower fields 
than those corresponding to X/p 100. It also agrees with recent informa- 
tion: as to the inability of positive ions to ionize by impact at lower 
fields. It thus appears that the important factor in the early period preceding 
spark breakdown is the ionization by electrons and the subsequent distortion 
of the field by space charges to values where ionization by positive ions can 
occur. This must take place at values of X/p within 2 percent of sparking. 


1 J.S. Townsend, Phil. Mag. 45, 1071 (1923). 

2 J. J. Thomson, Phil. Mag. 48, 1 (1924). 

' L. B. Loeb, Science 66, 627 (1927). 

™ R. M. Sutton, Phys. Rev. 34, 547 (1929). O. Beeck, Phys. Rev. 38, 967 (1931). 
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Experimental Evidence for and Determination of the Predicted '\ Level of 


the Neutral Oxygen Molecule! * 


The ground level of the neutral oxygen 
molecule is a *S state. The next higher known 
level is a 'S state which is observed in the 
atmospheric absorption bands ('<*S). The 
'Y state is 1.62 volts above the “S state. Ac- 
cording to theoretical considerations there 
should be another state, 'A, between the *S 
and '!¥ states which presumably lies about 
midway between them.* 
used the explosion 
method to determine the specific heats of the 
oxygen molecule up to temperatures of 2500° 
K by exploding mixtures of ozone and oxygen. 


Recently we have 


After correcting for dissociation of the oxygen 
molecule into atoms‘ the values so obtained 
may be compared with values calculated from 
optical data,—i.e., the vibrational and rota- 
tional levels of the normal state of the mole- 
cule. The experimental values are always 
higher than the calculated values in the tem- 
perature range investigated, the difference be- 
coming more pronounced with higher temper- 
atures. 

It would appear that this difference is due 


! Published by permission of the Director, 
U.S. Bureau of Mines. (Not subject to copy- 
right.) 

? Contribution from the Pittsburgh Experi- 
ment Station, U. S. Bureau of Mines at 
Pittsburgh, Pa., and the Cobb Chemical 
Laboratory of the University of Virginia. 

3 R. S. Mulliken, Phys. Rev. 32, 213, 887 
(1928). F. Hund, Zeits. f. Physik 51, 759 
(1928); 63, 726 (1930). E. Hiickel, Zeits. f. 
Physik 60, 442 (1930). 

4 Details of this work will be published soon 
in the Journal of the American Chemical 
Society. 


to some low-lying electronic level. Calcula- 
tions show that it in no way can be accounted 
for by molecules being raised to the 'S level, 
but that the level responsible must be still 
lower, or in all probability is the predicted 
'S level. It is thus possible from our experi- 
mental data to place the position of this state 
relative to the “S state. 

Before such a calculation can be made it is 
necessary to know what the a priort proba- 
bilities of the *S and '\ states are. The statis- 
tical weights of the vibrational and _ rota- 
tional levels belonging to the *S state follow 
from the fact that the resultant orbital 
momentum of the two outer electrons is zero, 
while their resultant spin vector is 1. The cor- 
responding statistical weights for the '\ state 
follow from the fact that the resultant orbital 
momentum of the electrons is 1, while their 
resultant spin vector is zero. For both states 
the number of orientations of the molecule in 
space, (27+1), is equal. For *S, the number of 
orientations of the resultant spin vector of the 
electrons, relative to the line joining the 
nuclei, is 3, and for 'A\ it is 1. In the 'A state 
there is A-type doubling which doubles its 
weight. The resultant statistical weights are: 
for *S, 3(27+1); for 'A, 2(27+1) or a ratio of 
the weights of '\ *S of 2 3. The fraction of the 
molecules reaching the '\ state at any tem- 
perature T is then given by 


My / Noy = (2/3)e7 #3 /8T (1) 


where E:y is the energy of the 'A state. The 
energy difference HZ determined from the 
difference between the experimental molal 
specific heats and those calculated from the 
oxygen vibrational-rotational levels is given 
by 
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H=kiy (2 de 3 #7 (2) 


ki, can be evaluated from (2). It turns out 
out to be 0.75 +0.05 volts. The new theoreti- 
cal specific heat curve which includes the con- 
tribution from the above determined '.\ level, 
fits the experimental values of specific heats 


In the Physical Review of July 1, 1932, 
1. S. Bowen has published measurements on 
the ionization of air by y-rays under pressures 
from 1 to 93 atmospheres applying collecting 
fields from 1.55 to 1009 volts per cm of a 
high degree of uniformity. 

This author as well as others working in this 
: field recently do not seem to have noticed the 
work of H. A. Erikson! who, as early as 1908, 
carried out measurements with air for pres- 
sures varying from 20 to 400 atmospheres and 
collecting fields up to 2500 volts over a dis- 
tance of about 0.8 cm, hence 3100 volts per 


'H. A. Erikson, Phys. Rev. 27, 473 (1908). 


Broxon' has measured the variation of ion 
current with pressure alone, up to 170 at- 
mospheres. Upon a beta-ray absorption hy- 
pothesis, he could explain the form of his i vs. 
p curve very well. However, Millikan and 
Bowen? and Compton, Bennett and Stearns* 
have independently offered an explanation of 
this curve, based on the idea that at high 
pressures, there is a lack of saturation. On the 
basis of their suggestion, Compton, Bennett 
and Stearns‘ have derived an equation relat- 
ing ion current to density and temperature. 
This equation is 


i=Ip(1+A%p? T2)- 2 


where A is a constant for each gas, and from 
this, the temperature coefficient of ionization 
is found to be 


g=di idT=(A*p* T°) (14+A%p? T°?) 


1 J. W. Broxon, Phys. Rev. 37, 1320 (1931). 

> R. A. Millikan and I. S. Bowen, Nature 
128, 582 (1931). 

* A. H. Compton, R. D. Bennett and J. C. 
Stearns, Phys. Rev. 38, 1565 (1931). 

* A. H. Compton, R. D. Bennett and J. C. 
Stearns, Phys. Rev. 39, 873 (1932). 
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very well over the whole temperature range 
investigated —i.e., 1400° to 2500°K. 


BERNARD LEWIS 
(GUENTHER VON ELBE 
Pittsburgh, Pa., 
July 22, 1932. 


A Remark on Erikson’s Measurements of the Ionization by ;)-Rays at 
Various Pressures and Potentials 


cm. He also investigated the influence of the 
temperature on the ionization at a pressure 
of 200 atmospheres and carried out measure- 
ments for carbon dioxyde. The purpose of the 
present note is to call attention to this beauti- 
ful paper of Erikson, which somehow seems 
to have been overlooked by most of the 
workers in this field. 
H. ZANSTRA 
J. Cray 
Natuurkundig Laboratorium der Uni- 
versiteit, 
Amsterdam, 
July 25, 1932. 


Dependence of the Ionization Produced by ;-Rays upon Pressure 
and Temperature 


In order to test this theory, the writer has per- 
formed experiments in which 8 was measured 
when the temperature range was from 8°C 
to 38°C, and others in which the ion current 
was measured when the temperature was 
varied from room temperature to about 
160°C. Though the results obtained seem 
sufficiently definite to report at this time, it is 
hopec that several features can soon be in- 
vestigated further. 

A cylindrical steel chamber with inside 
dimensions of about 30 cm long and 6 cm 
diameter was surrounded by a brass cylinder 
to contain the water or glycerine bath. No gas 
leak was detected at any pressure over a period 
of a weak. Gas and electric heaters heated 
the bath evenly, and its temperature was read 
with a mercury in glass thermometer. The col- 
lecting rod was insulated with amber from a 
brass guard ring which in turn was insulated 
from the chamber with hard rubber. Protec- 
tion for the insulators from the heat was pro- 
vided. The electrical leak was found to be 
negligible at both low and high temperatures 
though it appeared to be slightly greater at 
high temperatures. The Lindemann electrom- 
eter was used usually at 80 divisions per 


OS8O 


volt, together with a chamber voltage of 180 
volts. At 40 atmospheres pressure, an in- 
crease of the chamber voltage from 90 to 135, 
caused an increase of 3 percent in the ion cur- 
rent, but with an increase from 135 to 180 
volts, further increase 
noted. The y-ray source was placed in a fixed 


no detectable was 
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sure, but they do not agree well in the cases 
of 20 or 40 atmospheres. Some work with 10 
atmospheres indicated a greater increase of 
current with temperature than would be ex- 
pected, also. Tests for electrical leakage and 
for the change of density of the bath with 
temperature, failed to reveal any cause for 
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Fig. 1. Showing variation of the temperature coefficient of ionization with air pressure at 293°K. 
s s 


position during each run, and it was found 
that using different intensities led essentially 
to the same result. Commercial air at high 
pressures was introduced directly from the 
two large tanks to the chamber. Finally, one 
test was made for the difference in absorption 
of the bath at high and low temperatures, but 
no effect was observed. 

Fig. 1 shows the values of 8 obtained at 
different pressures when the temperature 
range was nearly 8°C to 38°C in all cases. 
The solid line represents the theoretical value 
of 8 for air at 293°K. It was found necessary 
to wait almost half an hour after the bath 
reached a constant temperature before con- 
sistent current readings could be obtained, 
and the values at the lower pressures are, per- 
haps, less reliable than those at the higher 
pressures. 

Fig. 2 shows the ion current as a function of 
the temperature between room temperature 
and about 160°C. Two or more runs were 
taken in each case, and the points for each 
run are marked alike. The solid curves are 
plotted from the first equation above, with p 
a constant for each case. The constant J was 
adjusted so that the theoretical curve would 
pass through the first experimental point in 
each case. The observed and predicted slopes 
agree well in the case of 60 atmospheres pres- 


these discrepancies. Though the pressure 
gauge was not calibrated, it is improbable 
that an explanation could be found in faulty 
calibration since an error of about 10 atmos- 
pheres would be necessary to make agreement 
in the 20 atmosphere case. It was thought that 









8.0 , 
60 atmospheres a 
“~“ @ 
+75 Pie 
30 
a ~ 
70 = * 
4O almosbheres 
-65 , 
% 
~ 
55 
¢ 
L2ion current 20 atmospheres 
LS ° : e ae 
‘ 
m ae 
i 


Temperature C°—> 
26 40 60 80° [00° 120° Ho 160° (80 
i i i i. i i A 











Fig. 2. Showing variation of ion current with 
temperature at different densities. 











LETTERS TO THE EDITOR 


perhaps the constant .1 was not a constant 
for all pressures, and to test this 1/7 was 
plotted against 1. 7* for various pressures and 
for runs in which the ionization per unit den- 
sity, J, was the same. The slope of this curve 
is A? J?, and should show up any variation 
in A. This relation was found to be a straight 
line for 60 and 40 atmospheres, but was dis- 
tinctly curved for 20 and 10 atmospheres. 
Thus it may be that for low pressures and 
high temperatures, A is not strictly constant. 

In regard to Broxon’s® remark that the 
“variation of the ionization with temperature 
is greater at higher temperatures,” these 
experiments distinctly disagree with that con- 


clusion. Furthermore, these experiments 


° J. W. Broxon, Phys. Rev. 40, 1022 (1932). 
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definitely lead to the conclusion that the 
temperature effect is greater at high pressures 
than at low pressures. His observation that 
there is an “apparent slight dependence of 
the ionization upon time rate of change of 
temperature” has been observed in these 
experiments. However, if sufficient time is al- 
lowed for the gas in the chamber to come to 
equilibrium, consistent readings can be ob- 
tained. 

The writer is indebted to Professor R. D. 
Bennett and Dr. L. A. Young for their sug- 
gestions in connection with this work. 


NEWELL S, GINGRICH 
Department of Physics, 


Massachusetts Institute of Technology, 
July 25, 1932. 


Progress of Cosmic-Ray Survey 


We have recently extended our measure- 
ments previously reported! to include south- 
eastern Australia, equatorial Pacific, Pan- 
ama, and Peru. The results confirm our earlier 
conclusion, that the intensity of the cosmic 
rays at sea level becomes greater as we go 
farther from the equator. Comparison of the 
Australian data with those taken in New 
Zealand shows that for the same geographic 
latitude the rays in Australia are the stronger 
whereas for the same magnetic latitude (or 
magnetic dip) the intensity in the two regions 
is nearly the same. Our measurements to date 
of the cosmic raysat sea level may be expressed 
satisfactorily as a function only of the dip of 
the earth’s magnetic field. 

The results of these sea level measurements 


are shown in Table I. The quantities 7¢ and 
IL are the intensities of the cosmic rays (re- 
duced to sea level) and of the local radiation 
respectively, expressed in ions per cc per 
second in air at atmospheric pressure, as 
measured through 2.5 cm of copper and 5.0 
cm of lead. The measurements 1 to 4 have 
previously been reported,! but are here cor- 
rected for a radiation of 0.14 ions from the 
walls of the ionization chamber itself, as 
determined by measurements in a deep tunnel 
in Peru. The absolute values of the ionization 
are somewhat uncertain, due to an uncer- 
tainty in the ionization by the standard 
radium capsule. The relative values should 
however be reliable. 

Several series of measurements have been 
made in different localities to determine the 











'A. H. Compton, Phys. Rev. 41, 111 rate at which intensity increases with altitude. 
(1932). The most significant of these were two series 
TABLE I. Cosmic-ray intensity, reduced to sea level, at different localities. 

Location Lat. Long. Mag. dip Ic Ih Date 
1. Honolulu 21°N 158°W + 39° 1.74ions O.12ion 4, 5°32 
2. S.S.Aorangi 4°S 173°W —10° 1.69 0.32 4/10/32 
3. Dunedin 40°S 170°E —70° 2.02 0.12 4/29 32 
4. Wellington 41°S 175°E —65° 1.97 0.15 §/ 2/32 
5. Sydney 34°S 151°E — 64° 2.02 0.42 5/ 9 32 
6. Brisbane 28°S ¢ 152°E —57° 1.93 0.20 5/16/32 
7. Auckland 37°S 175°E —62° 1.92 0.10 5/28/32 
8. SS. Mataroa iss 106°W —10° 1.69 0.15 6/ 9/32 
9. Panama 9°N 80°W +33° 1.72 0.21 6 17/32 
10. Lima 12°S 77°W 0° 1.69 0.20 6 30°32 
11. Mollendo 17°S 72°W — 10° 1.70 0.09 7/23/32 
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done in Peru. In the first series the apparatus 
Was installed in a special car, and measure 
ments of from 12 to 24 hours made at each of 
five stations along the Central Railroad of 
Peru (Ferrocarril Central), at elevations of 
from 165 to 5150 meters. The second series in- 
cluded measurements on the top of El Misti 
(6280 m), Monte Blanco (5110 m), Arequipa 
(2520 m) and Mollendo (30 m), made on four 
successive days. The two series of measure- 
ments are in excellent agreement, and indicate 
an increasingly rapid increase of intensity 
with altitude. At the highest 
point, barometer 376 mm, the cosmic-ray 


increasing 


ionization was 9.50 ions per cc per second in 
air, through a shield of 2.5 em copper and 3.0 
em lead. With only the copper shield, the 
ionization due to the cosmie rays would have 
been about 22.5 ions. 

On the basis of Millikan and Bowen's and 
Iohlhorster’s early balloon measurements, it 
has been inferred? that the ionization ap- 
proaches a maximum at an altitude of not 
over 9000 meters, and then decreases. Mil- 
likan has indeed used this supposed fact as 
proof of the photon character of the cosmic 
rays. If a maximum exists in the neighborhood 
of 9000 meters, its approach should have be- 
come apparent in our work at 6280 meters. 
Our measurements show no suggestion of 
such a maximum, confirming Piccard’s pro- 
visional estimate of 200 per cc per 
second at 16,000 meters rather than Millikan 
and Bowen's estimate of not more than 6 ions 
at the same altitude. Thus the intensity of 


ions 


the cosmic rays seems to increase continu- 
ously to as high altitudes as the measure- 
ments have as yet been made. 

Further measurements of the diurnal varia- 
tion of cosmic rays have also been made at 
a higher altitude (4930 m) than heretofore 
attempted. The result of 120 hours observa- 
tions at Huaytapallacu, Peru, shows that the 
average intensity between 10 and 4 o'clock 
in the daytime is greater than between 10 and 
4 at night by 1.6 +0.8 percent. Unfortunately, 
time did not permit a more extended series 
of observations; but as far as our data go, 
they support our results Mt. Evans 
(3900 m)* as indicating a real difference be- 
tween daytime and nighttime cosmic radia- 


on 


2 Millikan, Nature, Oct. 24 (1931). 
* Bennett, Stearns and Compton, Phys. Rev. 
41, 119 (1932). 
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tion, which is greater at the higher altitudes. 


Steinke has noted! bursts of ionization, 
representing of the order of 10° ion pairs, 
occurring in his cosmic-ray ionization 


chamber at the rate of two or three per day. 
During the course of cur measurements we 
have observed 8 or 9 ionization bursts of this 
type under such conditions that we have been 
able to check immediately the condition of the 
apparatus to see that the effect was not due to 
any instrumental defect. In these cases the 
sudden ionization current corresponded to 
the liberation of from 3 to 7X 10° ion pairs in 
the individual bursts. Taking 30 ‘electron- 
volts as necessary on the average to produce 
an ion pair in argon, this represents a sudden 
liberation within the chamber of from 0.9 to 
I< energy. It would 
seem that these bursts of ionization are much 
more frequent at high than at low altitudes, 
for we have not noticed any when lower than 
1300 meters, whereas on top of El Misti two 
were noted within half an hour of each other. 


electron-volts of 


Steinke’s suggestion of a high speed proton 
traversing the chamber could not account for 
more than 10 percent of the current observed 
in our chamber. It would seem rather that 
there must occur a shower of ionizing par- 
ticles, as from a viclently bursting nucleus, 
within the gas of the ionization chamber. The 
increasing frequency of these events at high 
altitudes suggests further that these nuclear 
disintegrations are excited by the less pene- 
trating component of the cosmic rays. 

It is a pleasure to acknowledge the cordial 
cooperation in this work of Professor Von 
Willer at Sydney, Professor Parnell at Bris- 
bane, Professor Burbidge at Auckland, Cap- 
tain Gaskell of the S.S. Mataroa, Mr. James 
Zetek and Dr. Robert Panama, 
and especially of Mr. Paul Ledig and Dr. J. 
C. Cairns of the Carnegie Magnetic Ob- 
servatory at Huancayo, who gave most help- 
ful assistance with the measurements in Peru. 
The work is being done by the help of a grant 
from the Carnegie Foundation. 


Enders at 


ARTHUR H. Compron 
University of Chicago, 
at present, Panama, 


August 1, 1932. 


(1930); 


‘Steinke, Phys. Zeits. 31, 1019 
Zeits. f. Physik 72, 115 (1932). 
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Diurnal Variation of Cosmic Rays and Terrestrial Magnetism 


Quite recently A. Hl}. Compton! and Ben- 
nett, Stearns and Compton? have secured data 
showing that the intensity of the softer com- 
ponents of the penetrating radiation increase 
with magnetic latitude and with the altitude 
of the sun above the horizon. They suggest 
that the variation with latitude results from 
the ionic nature of the ionizing ray. Indeed, 
this is just what one would conclude from the 
expansion chamber experiments which show 
tracks corresponding to ionic energies of 10° 
electron volts and these would be greatly de- 
flected by the earth's magnetic field. It is the 
purpose of this note to point out that the 
diurnal variation of the cosmic-ray intensity 
is a necessary consequence of the newly 
demonstrated deflectibility of the ionizing 
particles by the earth’s magnetic field. 

The observed variation of cosmic-ray in- 
tensity with latitude shows that the intensity 
is quite sensitive to the magnitude and the 
direction of the earth’s magnetic field. Thus 
since the earth’s magnetism is subject to a 
large diurnal variation we should expect a re- 


A. v4. 
(1932), 

*> Bennett, Stearns and Compton, 
Rev. 41, 119 (1932). 


Compton, Phys. Rev. 41, 111 


Phys. 


flected variation in the cosmic-ray intensity. 

We have shown that diamagnetism in the 
ionized regions of the high atmosphere dis- 
torts the earth’s magnetic field in much the 
same way as the solar magnetic field is dis- 
torted, except the distortion is much less and 
is confined pretty much to the sunlit side of 
the earth. This diurnal distortion decreases 
the magnetic field above 200 km by 0.1 per- 
cent or more in noonday regions so that the 
cosmic rays (or perhaps, more precisely, the 
secondary rays) are less deflected and produce 
locally more intense ionization at low levels. 
Qualitatively the observed diurnal variation 
is about what we would infer from the way 
that the ionization changes with latitude. 

Thus it does not seem necessary to suppose 
that the sun is a weak source of penetrating 
radiation or that space in the direction of the 
sun has special properties. 

Perhaps, we should point out finally that 
the asymmetry of the earth's magnetic field 
will introduce variations of the cosmic-ray 
intensity with longitude and with the time of 
year. 

Ross GUNN 

Naval Research Laboratory, 

Washington, D. C., 
August 1, 1932. 


The Spin of the Neutron 


information re- 
ported about neutrons it seems possible to 


From some of the recent 


find out whether the neutron has a spin and if 
so what its value is. In order to do this it is 
necessary to make several assumptions about 
the structures of light nuclei: (1) They are 
built as far as possible out of alpha-particles. 
(2) The nuclear spin is determined from the 
spin of its component spins alone. (3) From 
the evidence that neutrons may be obtained 
from Li, it is assumed that at least one of 
the isotopes contains a neutron in its nucleus. 
(4) The possibilities considered for the spins 
of the various particles in the nucleus are 
proton 0, 3; neutron 0, 3, 1; electron 0, 3; 
alpha-particle 0. The first assumption is one 
commonly made and is supported by studies 
on the artificial disintegration of the light ele- 
ments. The second assumption seems reason- 
able for the light elements in view of what is 
known about their nuclear moments. (If 
orbital moments quantized to integer values 


are assumed for the nucleus, deductions about 
whether the nuclear moment should be in- 
teger or half integer are not disturbed but 
those utilizing the actual value are.) 

The spin of the free proton is determined 
from hydrogen to be } and that of the extra- 
nuclear electron is well known to be also } but 
the possibility of both of these losing their 
spin in a nucleus should not be overlooked. 
The various possibilities given above will be 
divided into two groups for which the proton 
spin is considered to be 0 and } respectively. 

As nuclei on which to try these various 
possibilities the two isotopes of Li, and N" 
are considered. Curie and Joliot' have recently 
discovered that the highly penetrating radia- 
tion emitted from lithium when it is bom- 
barded with alpha-particles from polonium 
consists of neutrons. They are similar to the 
particles emitted by Be and B recently dis- 


' Curie and Joliot, Nature 130, 57 (1932). 
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cussed by Chadwick,? though having less 
energy. It thus seems probable that one of 
the two isotopes of lithium contains a neutron. 
Under the above assumptions we have the 
following possibilities for the structure of 


Li’, Li? and N": 


Lié (A) la+2p+le 
(B) la+ip+in 

Li? (C) la+3p+2e 
(D) lat+2p+in+le 
(F) la+ip+2n 

N4 (F) 3a+2p+le 


(G) 3at+1p+in. 


Let us first consider that the proton has 
zero spin when it is a part of a complex nu- 
cleus. Let us denote the spin of the proton, 
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to indicate that they are present in the nucleus 
of either or both Li® and Li’, this is not pos- 
sible and the neutron must have a spin. If 
Ss, =1 then s, must be 0 and cases A, C, EF, 
and G satisfy the requirements. If s, =}, then 
s, may be either 0 (all cases acceptable) or 
3 (B, C, E, and G acceptable). 

Three possibilities remain: 


I Sp=}, Si. =}, 5.-=0 
— _ =} 

II Sp=2,; 5, =2, Se=2 
Ill Sp=}, $s, =1, 5. =0. 


If s, =} and s,=} then Li® must contain a 
neutron. If this neutron is the one which is 
dislodged by bombardment alpha- 
particles then either with or without capture 
of the alpha-particle the products give iso- 


with 


TABLE I. 


Structure 


Nucleus Case 
p n e 
1 2 0 1 
Li® 
B 1 1 0 
( 3 0 2 | 
Li? D 2 1 ; | 
E 1 2 0 | 


0 0 0 \ \ \ 
0 \ 4 0 1 1 

0 “0 0 | O11 O1 “O1 
oe os | 4 0,1 3,13 


0,1 0,2 








electron, and neutron by Sp, s., and s,, re- 
spectively. The possible resultants may be 
presented in Table I. 

The Li’ nucleus is known to have a result- 
ant moment of 13. This possibility appears 
only once in the table and to obtain it s, must 
be } and s, =1. These same conditions how- 
ever for Li®, give a resultant of either } or 1 
and it is known that the resultant moment is 
0. This contradiction means that the spin of 
the nuclear proton must not be 0. 

Let us now consider that the proton has 
spin } in the nucleus. The possible resultant 
spins for Li®, Li’, and N", may be presented 
in Table IT. 

Using the facts that the resultant nuclear 
spins of Li®, Li’, and N™ are 0, 1} and 1, re- 
spectively, one sees that if s,=0 then s, must 
be 0 and hence neither Li’, Li’, or N"™ may 
contain a neutron. But since we consider the 
fact that neutrons are observed from lithium 


2 J. Chadwick, Proc. Roy. Soc. A136, 692 
(1932). 


topes which are not known and which in ad- 
dition belong to a class of which an isotope 
has never been found to exist, namely with 
more than twice as many protons as electrons: 


Lit+He'=n,+B? 
Lii+He'=n,+Li+He'. 


Of course there could be complete disintegra- 
tion but it is doubtful whether this would 
furnish sufficient energy to eject the neutron. 
Also if s,=3 and s,=3, N™ must contain a 
neutron but there is no evidence for this 
though there is ample evidence that it dis- 
integrates with the emission of a proton when 
bombarded with alpha-particles. Finally, if 
s, =} then it must be assumed that its mag- 
netic moment is diminished to about 0.001th 
the value which it has for an extra-nuclear 
electron to account for the small size of hy- 
perfine structure separations. This all seems 
improbable. 

Consider the possibility s,=1 and s,=0. 
There are over fifteen isotopes of various ele- 


















| Structure 


Nucleus Case 
p n e s, =0 
1 2 0 1 | 0,1 
Li® = 
| Bi 1 1 0} 43 
( 3 0 2 3,1} 
Li? | D ? 1 1 0,1 
| 7 1 2 of 43 
I 2 0 1 | 0,1 
Nu —_|—- 
G 1 1 0 | 4 
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TABLE IT. 


s.=0 S.= 





, 
$, =} 5, =1 | 2,00 uml ant 
01 O40 | RAR Rab BAS 
0.1 ban| 4 0.1 313 
>, 1} 13) 3,015,235 3,213,253 3,1}, 23 
4,1} 0,1,2| 3,13 0,1,2 4,14, 23 
bah o4ah2h 3 Lah 443,23 
01 01 | $13 BMS 4 
01 4343) $ Of Bab 











ments which have odd mass numbers and odd 
nuclear moments which are quite certain. If 
s, =1, then neutrons can exist in the nuclei 
of any of these only in pairs, which seems to 
be a peculiar limitation. 

The possibility s,=}3, s,=0, meets with 
none of these objections as far as is known. 
In addition it is more satisfying than either 
of the other two possibilities if one thinks of 
the neutron as composed of a proton and an 
electron in some way, since I], which gives 
both electron and proton a spin of 3 in the 
nucleus, would require one or the other to 


lose its spin in the neutron and III, which 


gives only the proton a spin, would require 
both to have spin in the neutron. 

One may conclude that, under the assump- 
tions mentioned at first, the neutron must 
have a spin and that the proton must have a 
spin of } in the nucleus. Of the three possibil- 
ities which present themselves the case with 
, and s,=0 seems most probable. 

R. F. BacHEer® 
E. U. Connon 


Sp=3, Si =} 


Massachusetts Institute of Technology, 
August 4, 1932. 


3’ National Research Fellow. 


Electron Affinity of Hydrogen 


From simple Bohr theory one calculates the 
electron affinity of the hydrogen atom to be 
1.69 electron-volts which must be too large 
in the same way that the ionization potential 
of helium so calculated is 28.5 electron-volts 
as compared with the experimental value of 
24.47 volts. Pauling! thought to improve the 
calculation of the electron affinity of hydrogen 
by determining the screening-constant for a 
two electron system from the Known ioniza- 
tion potential of helium. He however found 
hydride ion unstable (—0.08 volts). Lately 
the ionization potentials of Li’ and Be’ * have 
been determined spectroscopically by Edlin 
and Ericson? to be 75.28 and 153.15 electron- 
volts respectively. It is then possible to find 
the variation of screening constant (s) with 
atomic number (Z) and to interpolate S for 
hydride ion. The empirically determined elec- 


'L. Pauling, Phys. Rev. 29, 285 (1927). 


2B. Edlin and A. Ericson, Nature 124, 
688 (1929), 


tron affinity of hydrogen is found to be +0.66 
electron-volts. Bartlett® assumes a linear rela- 
tion between the square root of the ionization 
potential of He, Lit, Be** and their atomic 
numbers and finds by extrapolation +1.4 
electron-volts. Hylleraas' calculates the elec- 
tron affinity of hydrogen from wave mechan- 
ics to be +0.715 electron-volts. 








; loniz. 
Atom S potential 
Bohr 0.2500 
H- (0.2780) (0.66) 
He 0.2961 24.47 
Li? 0.3020 75.28 
Be** 0.3047 153.15 


GEORGE GLOCKLER 
University of Minnesota, 
August 5, 1932. 


* J. H. Bartlett, Jr., Nature 125, 459 (1930). 
'E. A. Hylleraas, Zeits. f. Physik 65, 209 
(1930). 
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Equilibrium between Positive Ions and Neutral Atoms in Positive Rays 
of the Rare Gases 


It has been shown by several experimenters 
that the particles in a positive ray beam may 
gain or lose electrons in passage through a 
gas at low pressure without appreciable 
change of velocity or direction. Rutherford! 
and Henderson? have found that in an a-ray 
beam an equilibrium is established between 
doubly charged and singly charged particles 
at high velocities but that at lower velocities 
the equilibrium shifts to one between singly 
charged and neutral particles with the fraction 
of neutral atoms increasing with decreasing 
velocity. Friedersdorff’ found thatthe are 
lines of argon do not show a Doppler shift in 
an end on spectrogram of the positive ray 
beam, at least, for accelerating voltages less 
than 30,000 volts; Romig! got the same re- 
sult with neon. Miss McPherson,® using quite 
a different method of excitation, obtains 
agreement with this conclusion. It has been 
suggested that this indicates that at the volt- 
ages used (of the order of 20,000 volts) the 
moving particles are predominantly positive, 
as in high velocity a-rays, rarely becoming 
neutral and, therefore, emitting the shifted 
are lines with inappreciable intensity. In 
order to check this suggestion directly, Rud- 
nick’s work® with helium has been extended to 
neon, argon, and krypton over the velocity 
range from 10,000 to 22,000 volts. Contrary 


1E. Rutherford, Phil. Mag. 47, 277 (1924). 

24. H. Henderson, Proc. Roy. Soc. A109, 
157 (1925). 

* K. Friedersdortf, Ann. d. Physik 47, 737 
(1915). 

‘W. Romig, Phys. Rev. 38, 1709 (1931). 

>A. I. MePherson, Phys. Rev. 41, 686 
(1932), 

® P. Rudnick, Phys. Rev. 38, 1342 (1931). 


to expectations, with neon the equilibrium 
was established with the beam approximately 
87 percent neutral at 13,000 volts, this value 
changing to 85 percent at 22,000 volts. In 
argon the fraction of neutral atoms changed 
from 94 to 92 percent as the accelerating po- 
tential was increased from 10,000 to 22,000 
volts. At all velocities in the range from 13,000 
to 22,000 volts the krypton beam was ap- 
proximately 95 percent neutral. Readings as 
low as 7000 and as high as 25,000 volts in- 
dicated no large changes in the neutral frac- 
tion. In agreement with Henderson’s and 
Rudnick’s work, the percentage of neutral 
atoms in the beam in the equilibrium condi- 
tion decreased with increasing velocity in 
the case of neon and argon. The behavior of 
krypton was peculiar in this respect, the frac- 
tion of neutral atoms apparently increasing 
with increasing velocity, but the change was 
so small (about half of one percent) as to be 
uncertain. 

It might be pointed out that in the present 
work the velocity of the ions was smaller than 
in Henderson's experiments so that at higher 
velocities it is quite possible that the beam 
might remain predominantly positive since 
the equilibrium shifted in that direction but 
the results obtained do appear to rule out the 
suggested explanation of the absence of arc 
lines in the Doppler effect observations since 
the same velocity range was investigated in 
the two cases. 

Complete results, including measurements 
of the free paths of the positive ions and 
neutral atoms, will be published shortly. 

Harotp F. Barno 


Ryerson Physical Laboratory, 
University of Chicago, 
August 5, 1932. 


Radiation from Moving Helium, Neon and Argon Ions 


Dempster and Batho! report obtaining 
a beam of hydrogen ions of homogenous ve- 
locity; the ions were formed in a low-voltage 
arc, and were accelerated in passage through 
perforated electrodes maintained at a high- 
potential difference, of the order of 20,000 
volts. 


' Dempster and Batho, 
Journal, January, 1932. 


Astrophysical 


This method has been extended to study 
some of the rare gases. In the spectrum of such 
a beam of positive rays observed end on, some 
lines show the Doppler effect; that is, each 
such line is accompanied by an additional 
sharp line displaced toward the higher fre- 
quencies by an amount agreeing well with that 
expected from the velocity of a singly charged 
ion which had fallen through the applied field. 

In argon, only the spark (blue) lines showed 
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the Doppler effect, the displaced lines emitted 
by the moving ions being in intensity and 
sharpness comparable to the undisplaced 
lines excited in the gas at rest. The arc (red) 
lines were relatively weak, and showed no 
Doppler effect; the neutral particles in the 
beam were evidently not excited to emission 
by collisions. Experiments by Batho? indicate 
such a beam in argon to consist of at least 90 
percent neutrals. The single sharp displaced 
Doppler line does not bear out the observa- 
tion of earlier workers, who found in their 
diffuse displaced Doppler strip several max- 
ima, apparently corresponding to ions with 
multiple charges, in some cases in the red 
spectrum as well as the blue. 

In neon, the are spectrum was not excited, 
the lines of the first spark spectrum were in- 
tense and showed the Doppler effect strongly. 
In the recent experiments of Romig* the man- 
ner of excitation was ditferent; the arc lines 
appeared but with no Doppler effect. Batho 
finds such a beam of neon particles to consist 
of at least 85 percent neutrals. 

In helium, lines of the arc spectrum and the 
spark line 4686 show a Doppler effect. Most of 
the displaced lines are relatively less intense 


* Batho, Phys. Rev. 41, 686 (1932). 
* Romig, Phys. Rev. 38, 1709-1715 (1931), 
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than those of argon or neon, and vary more in 
intensity relative to the undisplaced line. The 
displaced and the undisplaced spark line 4686 
are of approximately equal intensity. The 
spark line 4541 of the “Pickering” series is ex- 
cited in the gas at rest, but as it shows no dis- 
placed line, is evidently not emitted by the 
moving helium particles in the beam. 

It is of interest to give a preliminary re- 
statement in terms of the atomic phenomena 
at a collision. At these velocities a collision 
involves the complete interpenetration of the 
electron systems. During the process electron 
transitions to other molecular states may oc- 
cur so that when the two nuclei separate, they 
are accompanied by new electron arrange- 
ments. In neon, neutral atoms emerge from a 
collision always in an unexcited state, the 
neutrals left behind are also unexcited, while 
positive atoms emerge or are left in an ex- 
cited state. With the velocity used the positive 
helium atom may emerge from a collision in 
the 4-quantum excited state but not in the 
9-quantum excited state. 


A. IT. McPHERSON 


Ryerson Physical Laboratory, 
University of Chicago, 


August 5, 1932. 


Some Evidence Indicating a Removal of Positive Ions from Cold 
Surfaces by Electric Fields 


It has been clearly demonstrated that the 
discharge produced between two plane or 
spherical electrodes in high vacua, when a 
sudden electrical potential is applied across 
them is started by the field electron current 
from the cold cathode.'“ The electric field 
necessary to produce a field current from the 
cathode of suflicient magnitude to start the 
discharge in a few microseconds, although 
found to be somewhat variable and to depend 
upon the metal and its previous treatment, 
is of the order of magnitude of a half million 
volts per cm. For some time, as an auxiliary 
to an investigation of the initiation of dis- 
charges in ion free gases,' the writer has been 


' R. W. Wood, Phys. Rev. {1] 5, 1 (1897). 

> Hull and Burger, Phys. Rev. 31, 1121 
(1928). 

31. B. Snoddy, Phys. Rev. 37, 1678 (1931). 

*Street and Beams, Phys. Rev. 38, 416 
(1931). 


experimenting in high vacua with point and 
plane (as well as wire and cylinder) electrodes. 
It was hoped that by making the point (or 
wire) positive, to increase the applied poten- 
tial for a givenelectrode spacing untilelectrons 
were pulled out of the plane or cylindrical 
cathode by the field in sufficient number to 
start the discharge. This was found, probably 
to be the case when the point (or wire) is of 
properly treated tungsten, for example, and 
free from impurities on its surface. However, 
when the point (or wire) is not free from im- 
purities (especially the alkali metals) it is 
believed that this is no longer always true. 
In the first experiments a tungsten point 
was placed opposite a polished nickel plane in 
a high vacuum. The plane was grounded 
through a variable non-inductive resistance, 
and positive electrical surge potentials were 
applied to the point for a time whose order of 
magnitude was 10~* sec. (time constant of cir- 
cuit was 1.5X107* sec.). This time was held 
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constant throughout all the experiments here 
described. This resistance (a portion of which 
was shunted by a neon tube) served to protect 
the point when the discharge was once in- 
itiated, yet was low enough to allow a small 
luminous spot to form on the point when the 
discharge occurred. The point was either 
measured or photographed after each dis- 
charge so that the form factor could always 
be obtained. If the point and plane were un- 
treated, i.e., merely mounted in the tube and 
the air pumped out, it was found that the 
discharge would take place when the field 
at the point reached only from five to ten mil- 
lion volts per cm. However if the point and 
plane were baked out and several discharges 
allowed to take place the field at the anode 
necessary to produce discharge was increased 
many times and exceeded fifty million volts 
per cm for tunsten points. If then the point 
and plane were allowed to stand over night 
in 0.01 mm of air pressure with the solid CO, 
removed from the traps, the next morning, 
upon pumping, out, the positive field at the 
point necessary to produce discharge was 
usually lowered by a large amount. Caesium 
distilled into the tube also reduced the fields 
at the point necessary to produce discharges. 
A one mil tungsten wire was then mounted 
along the axis of a polished steel cylinder of 8 
mm internal diameter. The wire was grounded 
and negative surge potentials were applied 
to the cylinder. The electrical connections 
were the same as in the case of the point and 
plane. The results were similar to those ob- 
tained with tungsten points. If the wire was 
heated almost to the melting point for a few 
seconds in the presence of commercial hydro- 
gen at a pressure of about one cm, then al- 
lowed to cool and the hydrogen pumped out, 
the field at the surface of the wire necessary to 
produce discharge was definitely lowered. In 
the case of a one mil thoriated tungsten wire 
mounted along the axis of an 8 mm steel 
cylinder and treated to bring thorium to its 
surface the field necessary to produce dis- 
charges was lower than in the case of the 
treated pure tungsten wire first mentioned. 
As the electrodes were in high vacua and 
the potential applied for only about 10~ sec. 
the residual gas could not have been effective 
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in starting the discharge. The discharge must 
then have been initiated by electrons pulled 
out. of the plane (or evlinder), electrons, 
negative ions or positive ions pulled off the 
glass surface, or positive ions pulled off the 
surface of the point (or wire) by the electric 
field, or else a combination of these. In the 
case of the wire and eylinder, discharges oc- 
curred when the field at the surface of the 
evlinder (assuming the surface of the cylinder 
smooth) was less than twenty-five thousand 
volts per cm so that electrons pulled out of 
the cathode could not have started the dis- 
charge. Hence the discharges must have been 
initiated either by ions and electrons pulled 
off of the glass surface or positive ions pulled 
off of the surface of the anode by the electric 
field. Several attempts were made to separate 
these two etfects but always without complete 
success. However, in some of the experiments 
the complete initiation of the discharge by 
ions and electrons coming from the glass sur- 
face was rendered unlikely by the arrange- 
ment of the electrode potentials by shielding 
and by the geometry of the glass tube. There- 
fore, it is believed that in these cases the dis- 
charge was started by the positive ions pulled 
off the surface of the positive point or wire by 
the field. This explanation is also supported by 
the fact that the magnitude of the fields neces- 
sary to start the discharge depended upon the 
previous treatment of the wire anode. It is 
believed by several investigators’ that ad- 
sorbed alkali ions (Becker's “adions” for ex- 
ample) can exist on the surface of tungsten 
since the work function of tungsten is greater 
than the ionization potential of many of the 
alkalis. Also, it is thought that these adsorbed 
ions can exist on tungsten oxide. Hence the 
positive ions that are believed to be pulled 
off of the anode by the field in the above exper- 
iments are probably alkali ions. The experi- 
ments are being continued and it is hoped that 
a detailed paper can be published later. 

J. W. Beams 
University of Virginia, 
August 6, 1932. 


5 Compton and Langmuir, Rev. Mod. Phys. 
2, 124 (1930); Dushman, Rev. Mod. Phys. 2, 
381 (1930). 


The Reflecting and Resolving Power of Calcite for X-Rays 


The writer has recently published the re- 
sults of a research in which experimental 


values of the coefficient of reflection of calcite 
in a range from 0.2 to 2.3A, as obtained in the 
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(1,—1) position of a double x-ray spectrom- 
eter are compared with calculated values 
from theories of diffraction by a_ perfect 
crystal.' In this issue of the Physical Review, 
Mr. L. G. Parratt? reports experiments per- 
formed in the author’s laboratory which ex- 
tend the wave-length range investigated to 
5A. This extended range includes the K 
critical absorption wave-length of calcium at 
3.06A. In order to compare the results of Mr. 
Parratt’s work with the diffraction equation of 
Prins’ a large extension of the laborious cal- 
culations of the author’s paper was necessary, 
and certain approximations, sufficiently ac- 
curate in the shorter wave-length range, 
could not be retained. In particular, it has 
been found that the method which was used 
by the author in allowing for the polarization 
is not correct when applied to Prins’ equation, 
although in accord with the earlier treatment 
of Darwin.’ The purpose of this letter is to 
point out some of the modifications necessary 
in the author’s previous treatment of the cal- 
culations. 

Choice of an angular unit for the purpose of 
describing the diffraction pattern. In the 
author's previous work the angular unit 
chosen was the angular range over which, on 
Darwin's equations, 100 percent reflection 
would result. This unit is not merely a func- 
tion of the wave-length, but changes with the 
polarization, also depending in size on the 
particular structure factor assumed. In view 
of these undesireable features, in Mr. Par- 
ratt’s work the unit of angular deviation has 
been made (@—6), where 


0—0)=6 sec 4 cosec Ao. 


For a given crystal this is a function of wave- 
length only. 

Calculation of the amplitude scattered from 
the unit cell. The quantity D+iB which ap- 
pears in Eq. (15) of the author's paper is 
fundamental to the calculation of the diffrac- 
tion pattern and is proportional to the 
amplitude of the wave scattered from the 
unit cell of the crystal. In the previous paper 
an approximation (Eq. (17)) was made in the 
calculation of D+72B which involved setting 


1S. K. Allison, Phys. Rev. 41, 1 (1932). 

* Parratt, Phys. Rev. 41, 561 (1932). 

* Prins, Zeits. f. Physik 63, 477 (1930). 

* Darwin, Phil. Mag. 27, 325 and 675 
(1914). 





THE EDITOR 





689 


the fraction of the incident beam absorbed by 
an atom in the cell proportional to the fraction 
of the total number of electrons in the cell con- 
tained in the atom in question. Obviously this 
assumption is far from correct for wave- 
lengths shorter than the K limit of calcium, 
for in this region the K electrons of calcium 
absorb far more efficiently than do the other, 
more lightly bound, electrons in the unit cell. 
In the calculations in Mr. Parratt’s paper no 
such approximation has been made, the ab- 
sorption of each atom being calculated from 
tables of atomic absorption coefficients. 

Another factor entering the computation of 
D-+7B is the ratio of the amplitude scattered 
by an atom of the unit cell at angle 26, to that 
scattered in the forward direction. In the 
author’s paper, these values were obtained 
from a table of atomic structure factors pub- 
lished by Bragg and West.’ In the newer cal- 
culations, these ratios were obtained from 
structure factor tables published by James 
and Brindley,’ and Pauling and Sherman.’ 
These newer atomic structure factors alone 
have the effect of making the quantity D+iB 
about 6 percent greater for the same wave- 
length than obtained previously by the 
author. 

The effect of polarization. The method which 
was adopted by the author to take account of 
polarization in Prins’ equation is only strictly 
applicable to the limiting case of short wave- 
length and correspondingly small glancing 
angle in which Prins’ equation and Darwin's 
are indistinguishable. (To the accuracy of the 
present experiments this occurs at about 
0.74.) For longer wave-lengths no such 
formula as Eq. (33) of the author’s paper can 
be considered sufficiently accurate, and each 
polarized component of the incident beam 
must be completely worked out, as expressed 
in Eq. (11) of Mr. Parratt’s paper. This con- 
siderably increases the labor of calculations 
but up to the present no method of shortening 
it has been devised. In the author's paper it 
was stated that the percent reflection (Po) is 
independent of polarization. This is incorrect 
on Prins’ calculations, but correct in Darwin's 
theory. This question of the polarization cal- 


5 Bragg and West, Zeits. f. Krist. 69, 118 
(1928). 

6 James and Brindley, Phil. Mag. 12, 81 
(1931). 

7 Pauling and Sherman, Zeits. f. Krist. 81, 
1 (1932). 
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TABLE I, 
Cu Ka, 1.54A Calculated Observed 
Allison Parratt Allison Parratt 
Half width at half max. (w) 4.7” 4.9” 4.9” 5 0” 
Percent reflection (Po) 08% 69° 62% 60°% 
Coefficient of reflect. (R) 3.49 1075 3.82 3.46 3.80 
Cr Ka;, 2.28A 

Half width at half max. (w) 6.9” 7.5” ee 7.4” 
Percent reflection (Po) 50°; 58% 55% 51% 

4.53107 4.84 4.68 4.79 








Coefficient of reflect. (R) 





culations is also discussed in reference 9 
of Mr. Parratt’s paper. The difference be- 
tween the new and old calculations for two 
expressed in Table I. 
values of Allison were ob- 


wave-lengths is 


The “observed” 








tained on calcites IIT, those of Parratt on 
calcites IT. 
SAMUEL K. ALLISON 
University of Chicago, 
August 13, 1932. 


The Variation of the Cosmic-Ray Intensity with Azimuth 


We have measured the intensity of the cos- 
mic rays at an angle of 30° with the vertical in 
the magnetic N, S, E, and W azimuths using 
three G. M. counters as a telescope. The point 
of observation was the roof of the Bartol 
Laboratory in Swarthmore, Pennsylvania, 
latitude 40° N. The apparatus was protected 
from the weather by a covering of } mm thick 
sheet iron but was not otherwise influenced 





The results show that 
about the same in the E and W azimuths but 
the cosmic rays are from 5 to 10 percent more 
intense in the magnetic meridian than per- 
pendicular to it. There is possibly a greater 
intensity towards the S than towards the N. 
Unfortunately the data show a variation of 
the counting rate with time which is probably 
instrumental but we believe the variation 


the intensity is 











TABLE I. 
Direction Date Duration of Barometer Number of Coincidences 

run, minutes coincidences per minute 
E 7-21 1040 759 939 0.90 +0.02 
W 7-22 1380 756 1253 0.90 +0.02 
N 7-23 1495 754 1445 0.97 +0.02 
S 7-24 1370 760 1373 1.00 +0.02 
E 7-25 1447 762 1207 0.83 +0.02 
W 7-26 1418 760 1175 0.83 +0.02 
N 7-27 1432 760 1244 0.87 +0.02 








by absorbing material. The three counter 
tubes were arranged with their axes horizontal 
and perpendicular to the direction of observa- 
tion. They were 12 cm long, 4 cm in di- 
ameter and were spaced at 10 cm between 
adjacent centers. The circuits were arranged 
for recording triple coincidences and a previ- 
ous observation had shown that the number of 
accidental coincidences was less than 0.1 
percent of the real ones at this separation. Our 
results up to the present time are given in 
Table I with the statistical probable errors in- 
dicated. The barometric pressure at the 
middle of each run is also included. 


with azimuth cannot be accounted for in this 
way. These measurements are preliminary toa 
more complete investigation which is now in 
progress. 

We wish to acknowledge the cooperation of 
Dr. E. C. Stevenson. 


Tuomas H. JOHNSON 
J. C. STREET 


The Bartol Research Foundation 


of the Franklin Institute, 
August 13, 1932. 
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BOOK REVIEW 


Architectural Acoustics. VierN O. KNUbsEN. Pp. 617+viii, Figs. 272. John Wiley and Sons, 
Inc., New York. Price $6.50. 

The last ten years have seen a marked increase of interest in the subject of acoustics in 
general. This has been evidenced by the appearance of a number of texts on sound, and of nu- 
merous papers dealing with problems in this field. Among these, the behavior and control of 
sound in buildings has claimed no small share of interest. The author of this book has been a 
tireless and fruitful worker in this field. Both from his own investigations and his active partici- 
pation in the stimulation and organization of acoustical research, he is well qualified for the 
task of putting into comprehensive and permanent form the considerable volume of material 
that has recently become available. 

This book is intended primarily as a reference work for architects, builders, and others 
interested in the design or construction of buildings. In order to facilitate its use as a text, a 
number of problems and exercises have been included in an apprendix. The treatment through- 
out is descriptive rather than analytical. Formal mathematical derivation of the fundamental 
equations is given however, and considerable space is devoted to the technique of acoustical 
measurements. The text is copiously illustrated. 

The introductory chapters, comprising about one-fifth of the book, deal with the facts 
of physical and physiological acoustics. To the reader who comes to the subject with only an 
elementary knowledge of the physics of sound this portion of the book may prove somewhat 
disappointing. Both in choice and arrangement of material, the treatment may leave the un- 
initiated still hazy in his fundamental concepts of the mechanics of sound waves. Further, a 
considerable portion of the chapters devoted to the nature of hearing and speech and music 
might well have been more brietly covered in view of Fletcher's fuller earlier treatment of these 
subjects. 

The second part of the book concerns itself with the theory and phenomena of sound in 
inclosed spaces and the transmission of sound by building structures. In the chapter on rever- 
beration, the earlier treatment given by W. C. Sabine is supplemented by the recent work of 
Schuster, Waetzmann, Norris, and Eyring, as well as the author's own work on the effect of 
atmospheric absorption and of the shape of a room on the time of reverberation. Various meth- 
ods for reverberation and absorption measurements are described, and the physical and acous- 
tical properties of many commercial sound absorbents are given in detail. The chapters on 
sound insulation include a full account of methods of measurement of sound transmission by 
solid septa, data compiled from various sources on the sound insulating properties of materials 
and types of construction, and the principles of machine isolation. 

The last section of the book is taken up with the application of the principles deduced in 
the preceding sections to practical problems in building design. Particularly interesting and 
valuable are the results of the author's own investigations of out of doors hearing conditions. 
These studies were made in the Hollywood Bowl, a natural amphitheater seating some 25,000 
people, and in the Mohave desert under conditions of extreme quiet. Detailed suggestions are 
made for the acoustical treatment of homes, schools, small theaters, legitimate theaters, sound 
picture theaters, country churches, village churches, city churches, hospitals, oral English 
rooms, music rooms, lecture halls, auditoriums, gymnasiums, cafeterias, museums and libra- 
ries, office, bank and industrial buildings, concert halls, opera houses, dance halls, radio studios 
and sound recording rooms. 

As is apparent, the thoroughness with which the details of the subject are covered will 
necessitate judicious selection of material in the use of the book for teaching purposes. As a 
compendium of present knowledge of the acoustics of buildings, it will be found an extremely 
useful book of reference for that large and growing group who have to deal with acoustical 
problems in the design and erection of buildings. 

Pau E. SABINE 
Riverbank Laboratories, Geneva, Illinois 
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